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Abstract:

Multifunctional composites offer the ability to increase the efficiency, autonomy and lifespan of a structure by performing functions that
would have been considered by designers as mutually exclusive. In the present perspective paper, a subclass of multifunctional composites is
considered: metamaterials. In this perspective, a multifunctional composite is defined as ‘made of two or more materials that perform two or more
functions in a manner that is constructive to the overall purpose of the structure’ where there is no differentiation between structural or non-
structural functions.

Equally, we define metamaterials are a class of man-made structures that display properties that are opposite to those typically found in
nature. These ‘engineered’ architected materials continue to revisit and extend the boundaries of traditional materials science, opening up a wealth
of new opportunities impacting on all aspects of human life. In our work, multifunctional metamaterials are delineated: electrodynamic, acoustic
and mechanical. We review the current progress in these types of multifunctional metamaterials in terms of their bandwidth, fabrication techniques
and applicability; noting that lattice structures offer considerable potential across all three functionalities. It culminates in the discussion of three
key challenges which are seen by the authors as critical in the development of the next generation of lattice-type multifunctional metamaterials;
namely, bandwidth, fabrication technique and proof of applicability. Success by the scientific community in these areas will 1ead to 3D multi-
scale and multimedia lattice frameworks capable of influencing all three types of waves instantly; such a system would be a major technological
breakthrough and will redefine our concept and understanding of multifunctional metamaterials in the next 10—20 years.

Index Terms - multifunctional composites, metamaterials, perspective.
Introduction

Multifunctional composites aim to add functionality beyond the high specific stiffness and strength that classic fibre
reinforced polymers possess. Designers of these composites seek to combine features that would normally result in undesirable by-
products (high complexity, increased weight, high cost) by engineering the material so that the functionality is increased and these
by-products are decreased [1, 2]. In this perspective paper, a subset of multifunctional composites is considered: metamaterials. To
see the context of the discussion, figure 1 shows the three themes covered, indicating some of their structures and what the authors
view as the most promising structural configuration to combat issues of manufacturing, applications and bandwidth (the frequency
range in which the metamaterial exhibits its designed behaviour): lattice-type structures. Lattice-type structures are defined as ‘a
space-filling unit cell that can be tessellated along any axis with no gaps between cells’ [3].

The exact definition of multifunctional composites is flexible within literature. Some authors make a distinction between
structural and non-structural functions (where structural properties are seen as primary and non-structural as secondary) [4], whilst
other authors see any function (structural, acoustic, electric, etc) as variables which can be combined to form a multifunctional
material [1, 5]. There is a derivative of multifunctional composites that have both mechanical and dielectric active performance—
metacomposites. These polymeric composites with reinforcements made of microwires (Fe or Cu-based) are found throughout
literature [6-8]. For the purpose of this paper, a multifunctional composite will be defined as ‘made of two or more materials that
perform two or more functions in a manner that is constructive to the overall purpose of the structure’ where there is no
differentiation between structural or non-structural functions. Whilst the definition of multifunctional composites varies within the
literature, the inspiration is nature, where biological systems simultaneously have competing requirements (such as ductility and
stiffness) that are met in multifunctional systems [9].

Metamaterials go beyond (hence the prefix meta-) what is found in nature by behaving in a way that is not found in nature.
They are defined as a ‘composite of periodic or non-periodic structure, whose function is due to both cellular architecture and the
chemical composition’ [10]. A metamaterial (sometimes called a left-handed material (LHM)) exhibits material characteristics such
as permittivity, bulk modulus or refractive index displays behaviour that is not seen in nature—such as negative refractive index or
negative bulk modulus. The first mention of the word ‘metamaterial’ is found in an invitation to a Defense Advanced Research
Projects Agency workshop in 1999 [11] and then subsequently in publication from a participant of that workshop, Walser [12]. The
onset of this behaviour was originally related to the frequency of the impinging electromagnetic (EM) wave. However, more recently
this definition has evolved and these material characteristics are sometimes seen irrespective of the frequency. However, the
theoretical proposal of materials that display these ‘backward’
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Incident ray

Figure 2. Metamaterial showing negative refractive index. In anormal material an incident ray changes angle from 8, to 8,
whereas in a metamaterial the incident ray changes angle from 6, to 6;.

properties can be traced to Mandel’shtam in 1945 [13], who proved the ‘existence in real media—crystal lattices —of a range of
frequencies with negative group velocity’.

Lack of physical demonstrators meant that progress in the field was slow until Pendry et al created a media where electrical
permittivity was negative [14] and then later a media in which magnetic permeability was negative [15]. These two discoveries
created a platform from which the first modern metamaterial was created in 2001 by Smith et al by combining split-ring resonators
(a pair of enclosed loops that have splits at opposite ends that strongly couple the magnetic response of the structure to the applied
electromagnetic field) and wires [16]. ‘[A] two-dimensionally periodic array of copper split ring resonators and wires’ [16] was
fabricated onto a fibre glass circuit board into a wedge-shape. Microwave frequencies were passed through the structure and the
deflection from the normal was measured. This influential paper experimentally validated Veselago’s 1968 prediction [17]: that at
microwave frequencies a ray striking an LHM will refract to the same side of the normal, diagrammatically shown in figure 2.

Current generation metamaterials can broadly be classed in three sectors, depending on the type of waves that they
influence. Materials that change the EM field are classed as electrodynamic metamaterials, materials that alter pressure within a
fluid are classed as acoustic metamaterials and elastic materials that manipulate elastic waves are classed as mechanical
metamaterials. This said, the classification of multifunctional metamaterials has evolved more recently, similar to the definition of
metamaterials, so that distinct classes often mix. A metamaterial said to influence acoustic waves may also influence elastic waves
if the mechanism is placed inside an elastic body. For clarity, however, the metamaterials will still be classified as above. The
equations that govern the wave interactions will not be expounded in this paper; the reader is directed to [10] for full derivations.

Traditionally, the periodicity or non-periodicity of a material at the atomic level does not influence the interaction of waves
as the wavelength of radiation is much larger than the atoms and the spacing between them [18]. This means the material can be
described by assuming homogeneity with, in the case of EM, two properties: electric permittivity, 0, and magnetic permeability, .
However, in cases where the wavelength is similar or smaller in size when compared with the structure or gaps in the structure,
these parameters are calculated by the response of this collection of objects. In the latter instance, a metamaterial can be created by
making the parameters negative or ‘non-normal’ through deriving a frequency-dependent equation. This process extends beyond
EM and a frequency-based approach so that ‘unnatural’ respsonses have been seen in effective dynamic mass-density [19], moment
of inertia [20], elastic modulus [21], and Poisson’s ratio [22].

This perspective fills a gap within literature by critiquing materials that fulfil three qualities: composite material, made of
two or more materials; multifunctional, performing two or more functions; metamaterial in behaviour, not seen in nature. This paper
does not include a full overview of the state of the art but highlights the influence of recent research and more specifically how
lattice structures are able to resolve the current challenges within the community. For full reviews of electrodynamic, acoustic and
mechanical metamaterials, the readers are referred to References [23-25], respectively.

Metamaterial classification

This section considers the three types of metamaterials classified above in terms of their bandwidth, fabrication technique
and applicability. A lattice-type architecture that fulfils these three functions to a reasonable degree is introduced and concludes
each subsection.

Gold layer

5.37 um

Lithium niobate substrate

)

a
Figure 3. Pyroelectric metamaterial schematic vglhe)re: (a) shows a unit cell with gold outer layer and grey lithium niobate substrate
and
(b) shows a collection of unit cells. Reproduced from [26].

Electrodynamic metamaterials Metamaterials that influence the behaviour of EM waves fall under the category of electrodynamic.
Two key material properties (electrical permittivity, 0, and magnetic permeability, ) can be derived to be frequency dependent
[10]. With these frequency equations, the properties of the metamaterial can be tailored at given frequency ranges.
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One example of a very recent multifunctional metamaterial that affects EM rays is the pyroelectric infrared (IR) detectors
conceptualised and demonstrated by Suen et al [26]. Pyroelectric materials, such as lithium niobate enable detection of IR radiation
through a temperature differential that induces a change in potential used to generate a signal [26]. Whereas other pyroelectric
detectors must have at least a filter, sensor and electrode, all three functions have been met in the pyroelectric metamaterial detector.
The filter function is enabled through the geometry and material of the top section of the detector. Depending on the size of the unit
cell, a different absorption wavelength can be realised through a small range of 8.3—10.7 um. The sensor and electrode function are
from the metallic layer. The unit cell can be seen in figure 3(a) and repeating pattern in figure 3(b).

There are a number of benefits to a multifunctional detector made from composite metamaterials. Firstly, the ‘detector
itself is spectrally selective but can be tuned by simply changing the dimensions of the top metal structure’ [26], greatly simplifying
the system (no moving parts). Additionally, the electrical time constant is reduced by a small capacitance footprint, which reduces
noise losses. The detector has a narrow bandwidth, which can be seen as an advantage (results over a specific range) or a
disadvantage (little flexibility in the operational frequencies). This characteristic of a narrow, inflexible bandwidth is common within
electrodynamic metamaterials as the metamaterial properties are a function of a geometry which cannot change.

This metamaterial sensor has found use in CO2 detectors that outperforms the current state-of-the-art by displaying a 250
times greater sensitivity and a size seven times smaller than comparative work [27].

A macro-scale (i.e. between 1 and 100 mm in size) multifunctional metamaterial sensor that has the capability to sense
changes at the macro scale in moisture content, density of a silica aerogel or temperature of seawater was presented by Ekmekci et
al [28]. This paper is an example of the frequency dependent permittivity of a material being used in reverse in order to sense
changes in quantities of interest by measuring resonant frequencies. An intermediate layer (dint) is sandwiched between two
substrates (dsub) on which split ring resonators (SRR) are placed. This set-up, shown in figure 4, causes the resonant frequency of
the double-sided split ring resonator (DSRR) to be a function of the permittivity and thickness of the intermediate layer. To find the
variations in environmental factors (such as humidity, density and temperature as mentioned previously), a relationship between
permittivity of the intermediate layer (dint), capacitance of SRR and resonant frequency is found. As the dint increases from the
environment, SRR capacitance increases causing a decrease in resonance frequency. The same applies vice versa. Very good
sensitivity is seen in moisture content, density and temperature sensing with resolution of 0.07%, 2 mg cm—3 and 0.21 °C,
respectively, for a frequency resolution (Af) of 1 MHz. This Af'is reasonable considering the sensor works in the microwave region
(in this instance, 10-12 GHz). The application of these sensors is directed towards biological and chemical sensing, across a range
of frequencies. One can imagine by having an array of these sensors, different properties within a single structure could be
simultaneously measured. This avenue appears not be have been pursued at the present time.

The intermediate layer was changed based on the environmental factor wanting to be measured, but the choice of
intermediate layer is restricted as the variation in permittivity must complement the frequency range being used. For example, for
a given change in temperature within seawater, there must be data about the permittivity of seawater as a function of salinity and
temperature. This requirement means the list of usable intermediate materials is a short one. Similar to the narrow bandwidth issue
found in pyroelectric IR sensors, the selective nature of metamaterials is an advantage and disadvantage, depending on the
application. Future work could investigate the possibility of incorporating more substances in these intermediate layers and
characterisation of their permittivity as a function of the substance properties to enable a broader range of material use.

An experimental illustration of a broad-ranged electrodynamic metamaterial is proposed by Liu et al [29], where a hybrid
metamaterial is able to be tuned based on an electric current. A layered structure is used to create a self-contained device, shown in
figure 5. The bottom Au layer is a ground plane, whereas the top cross pattern provides two functions. First, the structure aids
resonant absorption modes and second, by being connected to an external circuit it heats up because of current flow. The thermal
conductivity characteristics of Au also enable it to heat the VO2 layers easily through the AlI203 layers. The Al203 layers create
sharper absorption resonance at room temperature and act as diffusion layers between Au and VO2.

By combining these materials in the designed structure, electrical control of the'permittivity in the mid-IR range is
demonstrated experimentally. When the applied current is 0 A, the metamaterial is reflective at 2.67 um, whereas when the applied
current is 2.03 A, the metamaterial is completely invisible at 2.67 um. When the current is further increased, the metamaterial
appears to be completely absorptive. This phenomenon can be exploited to generate ‘clectrically switchable reflection’ [29] at
resonant wavelengths. This clearly has application in cloaking devices, where objects behind a perfectly reflective device are
deemed invisible. However, the physical use of these objects for such applications is not expanded on in the paper and would be a
critical area of future work. In order for practical cloaking devices to be created, the frequency to be cloaked from must be known.
In medical situations (where specific frequencies are used) this is possible. However, in more dynamic environments (e.g. military
applications) a broadband, tunable metamaterial would be necessary.

Fan et al show a tunable metamaterial that has been experimentally and numerically proven to ‘yield a transmission
modulation depth of 60% [30] between 1.1 THz and 1.8 THz. At the resonant frequency of 0.98 THz, transmission is as low as
25%. Whilst these modulation and transmission percentages are not as large as other experiments, the metamaterials (shown in
figure 6) are thin and flexible: they can be placed on nonplanar surfaces. This drastically increases the adaptability of these
metamaterials.

The unit cell has dimensions of 68 um by 68 pm. The metamaterial has dimensions of 8 mm by 8 mm. With a total
thickness of the metamaterial of 4.7 um, it can easily be wrapped around a cylinder and still exhibit tunable performance. In order
to tune the metamaterial, optical-pump THz-probe spectroscopy is used. By changing the pump power by a few mW, large
transmission amplitude changes are seen at various frequencies.
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Figure 6. Unitcell, based on SRR design. Material composition
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At 0 mW and resonant frequency, transmission is at 25%, whereas at 1 mW and resonant frequency, transmission is at
40%. The pumping power applied in these experiments is ‘approximately two orders of magnitude smaller’ [30] when compared to
previously reported experiments. The manufacturing process is briefly mentioned by Fan et al, including the possibility that the
transfer process used to achieve the thin layer of the GaAs semiconductor can be used for other semiconductors. This would open
up new avenues of future work and a larger field of flexible metamaterials could be researched.

Shin et al [31] present a broadband, inexpensive lattice-type metamaterial comprised of silicon circular unit cells. This is
shown in figure 7.

The experimental and simulation results show a broadband (10-12 GHz) and lossless smart cloak. Due to the size and
shape of the unit cell there is broadband operation (as there is no electromagnetic resonance) and the two materials utilized, silicon
and air, are ‘virtually lossless and dispersion-free at microwave frequencies’ [31]. The construction of the lattice-type structure is
from off-the-shelf injection-moulded silicon tubes, arranged in a right-angle triangle. As can be seen in figure 7(b), there is a small
right angled triangle along the bottom surface. This is necessary to produce varied density of silicon and air across the bottom region
when compressed. A given density profile is necessary to produce the required variation in effective refractive index. In terms of
manufacturability and tunability, this metamaterial performs better than previous architectures. One reason for this could be the
approach used to generate the appropriate refractive index distribution: transformation optics. By starting from the fundamental
principle that a variation in EM properties can warp an EM wave, Shin et al present an elegant solution to change the EM properties
by physically changing the material stress and strain profile.

The metamaterial only operates in two-dimensional space, and authors do not indicate how the structure could be extended
to three dimensions. However, the approach taken could be investigated in order to produce a 3D lattice structure that is able to
direct/reflect/absorb based on changes in mechanical structure. Additionally,

12.7 mm

Figure 8. Unit cell of multifunctional metamaterial compositerwith: K= spring constant of outer shell, M; = mass of outer
shell,
K, = spring constant of inner spring, M, = mass of permanent magnet. Reproduced from [33].

further investigation into material choice could reveal a material that has a much higher dielectric constant than air (a
necessary feature for the shape change to produce the correct refractive index variation). This design approach shows great promise
and could be employed at various length scales theoretically and with advances in manufacturing this is a possibility.

Acoustic metamaterials Metamaterials that affect the response of a wave through a fluid are classed as acoustic
metamaterials. In an analogous manner to electrodynamic metamaterials, there are two essential properties that influence an acoustic
metamaterials response: p, mass density and k, bulk modulus [32]. The following section discusses multifunctional metamaterials
that have constitutive properties not found in nature.

Mikoshiba presents an acoustic metamaterial that can absorb acoustic waves and generate electricity [33]. By adapting a
mass-in-mass spring model, a unit cell can be created that has electrical generation capabilities whilst sustaining the resonance
frequency absorption ability, shown in figure 8.

These unit cells are combined in sequence. Through harmonic excitation, given conditions of wave attenuation can be
achieved for different mass ratios and spring constant ratios. The condition of interest is where all external masses (M1) oscillate at
the natural frequency of the system, close to local resonant frequency. At close to local resonant frequency, the internal masses have
amplitude greater than the driving frequency, which continues propagation of the wave through the system. At this condition
efficient electricity generation is possible as at greater amplitudes of displacement voltage generation is increased.

The combination of frequencies and amplitudes that drive the mass-in-mass spring model are usually impractical for
producing sufficient electricity. Thus, this metamaterial can be used as a sound block where high frequency noise is available, i.e.—
most high power engines, to generate electricity and dampen noise.

Additionally, this metamaterial can measure the resonant frequency of a location by seeing where voltage generation is
largest. Whilst experimental data is shown in this paper, the possible applications were not explored. A damping feedback system
could be imagined where resonant frequency generates electricity, which in turn powers an active damping system to reduce
resonant frequency.

Chen et al aim to combat acoustic metasurfaces that are passive, have narrow operative band and are monofunctional by
designing a magnetically-tuned multifunctional acoustic metamaterial [34]. It is important to note that the use of magnetics in
metamaterials is well established. Examples of metamaterial lattices capitalising on pure magnetic attraction-repulsion and shape
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change can be found in references [35-37] and active control with particulates dispersed in elastomers to provide shape change can
be found in references [38-40]. Chen et al [34] use active control through a magnetic force that enables tuning of the transmission
spectrum. An additional function can be created added by ‘switching the magnetic force distribution’ [34]. By doing this, acoustic
wave manipulation is possible without changing the structure of the metamaterial. Active control is designed into the membrane-
type structure by allowing nonlinear geometric changes to the structure. A thin polyamide elastic membrane is supported with
aluminium rings either side, and a magnetic mass is placed in the centre of the membrane, shown in figure 9(a)

By changing the distance between electromagnet and mass (positioned below unit cell, shown in figure 9(b)), out-of-plane
magnetic forces can vary. This causes a change in tension in the membrane and therefore a shift in phase modulation and
transmission loss. This process is repeated at each unit cell, and an overall system response can be customised depending on the
magnetic force distribution. This system response has the ability to redirect or focus waves, depending on this distribution. Low-
frequency acoustic cloaking is an application of this. By changing the reflective properties of the acoustic metamaterial and
arranging the metamaterial in a closed shape, an ‘invisible’ region within the closed shape can be created.

Tang et al demonstrate theoretically and through finite element analysis an acoustic metamaterial that has ‘low-frequency
sound absorption, excellent stiffness/strength and impact energy absorption’ [41].A honeycomb-corrugated (HC) hybrid core
sandwich with top panel and bottom facesheet is shown in figure 10.

(Eltgf:tromagnet (h)

Figure 9. Membrane unit cell schematic where: (a) is a top and side view of the membrane unit cell
and (b) shows the electromagnet position relative to the unit cell. Reproduced from [34].
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Figure 10. Single though-thickness layer of honeycomb-corrugated (HC) hybrid core, top panel and bottom facesheet.
Reproduced from [41].

Both the top panel and corrugated core have micro-perforations. These are introduced in order to allow sound into the structure
without compromising its structural integrity. Unity absorption is shown at given frequencies, depending on the height of the
structure. At 60 mm total height, unity absorption is at 580 Hz, with 0.5 or greater absorption seen between 290 and 1000 Hz. A
parametric study was carried out to investigate the influence of geometry on the absorption of the metamaterial, though each study
was carried out independently. An optimisation loop of the most influential parameters could be an interesting area of work,
especially if the absorption frequency could be included in this. Additionally, as the work by Tang et al was only theoretical and
numerical, a physical demonstrator would be a logical next step. An investigation into types of material this structure could be made
of whilst still achieving desirable absorption qualities could lead to many applications where honeycomb type structures are already
used. Honeycomb structures for a diaphragm in a loudspeaker could eliminate low-frequency noise interference. Honeycomb
structures are already prolific within the aerospace industry as floor and side panels. Using the design features outlined by Tang et
al the honeycomb sandwich panels could become multifunctional acoustic metamaterials. Pursuing this as an avenue of future work
would open up many opportunities for large-scale acoustic dampening for use in the aerospace, construction and music industry. In
addition, the paper by Tang et al only considers a square cross-section; mechanical and acoustic characterisation of different cross-
sections could open up a greater area of applications.

Popa et al [42] present a real-time configurable acoustic metamaterial made of piezoelectric membranes unit cells. The
unit cells are arranged horizontally to act as a slab that is able to change both the focal length and direction of the wave within
milliseconds. An example of the unit cell and slab are shown in figure 11. To test the functionality of this slab, three modulated
pulses were sent with a gap of 13 ms. The results show that each pulse, via electronic manipulation of the circuit, has a different
focal position and focal direction. To add to this multifunctionality, further experiments were completed to show the metamaterial
can perform two functions at the same time: it is able to steer an incoming wave in a different direction and focus an incoming
wave, simultaneously. An interesting feature of this design is the simplicity and availability of the materials. The piezoelectric
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membrane is available commercially and the housing is acrylic glass. This means future experimental work can be easily carried
out, and variations in the set-up could be tested. Applications of this metamaterial ranges from nonlinear imaging to acoustic
cloaking. Nonlinear imaging has applications in the medical field, for ultrasonic testing, and also in nondestructive testing of
composites.

Ground plane (brass)

/‘/ /
F )/Picmclccn ic
membrane (ceramic)

Ele(,trode (silver)

Figure 11. A unitcell with brass '@un(@én@era@c p@oel@nc @m@ne @h a@)ver electrode deposited atop the

membrane. The metamaterial slabwith 10unit cells is shownbelow-Reproduced from [42].

Figure 12. A 3D model (a) of the ferromagnetic-potymerstructure ructure as manufactured. Taken from

[43] with permissions.

Yu et al [43] extend this tuneability to three dimensions by creating magnetoactive acoustic metamaterial responsive to external
physical stimuli. A 3D lattice structure embedded with ferromagnetic nanoparticles within a polymer substrate (created via
stereolithography-based manufacturing technique) enable a ‘magnetically triggered structural buckling of [the] elastomer to achieve
controlled negative-modulus within design acoustic frequency regimes’ [43]. The lattice structure is shown as a 3D model and in
real life in figure 12. By modulating the magnetic field, the Young’s modulus and effective density of the lattice can switch between
positive and negative. This occurs due to a change in structural configuration (the buckling of individual trusses) and induces the
low frequency absorption desired in metamaterials. It is observed in both experiment and simulation that between 3450 and 2500
Hz, the transmission is far below 50%, finding a minimum (in experiments) of approximately 8% at 3000 Hz. However, the magnetic
field required to induce these is in the order of 0.1 to 0.5 Tesla, which is considered reasonably strong (100 times stronger than a
typical fridge magnet). Therefore the applicability of such a structure is limited to very specific acoustic transmission opportunities.
However, the proof of concept is promising, as the materials and manufacturing are highly accessible.

Mechanical metamaterials Elastic bodies that undergo deformations through static or dynamic waves can been designed so that
fundamental properties such as Poisson’s ratio, v, dynamic mass density, peff, coefficient of thermal expansion (CTE), a, can
respond in a manner never seen before. These materials are called mechanical metamaterials. Whilst electrodynamic and acoustic
are often distinctly frequency-dependent, and so have a bandwidth in which they perform in a given way, mechanical metamaterials
are sometimes not frequency dependent.

Ai et al [44] present an example of this non-frequency dependent behaviour by running finite element simulations on a lattice
structure in order to determine a combination of parameters that creates a material with negative v and a. The authors compare four
metamaterials with slightly different lattice structures, and perform a parametric study on seven variables that affect the properties
of the metamaterial designed. A designed metamaterial, with geometric parameters labelled, is shown in figure 13.

The geometric design is ‘based on star-shaped re-entrant lattice structures... [r]e-entrant structures are known to be one
class of auxetic structures’ [44]. Three material combinations are used, aluminium-Invar (Al- Invar), aluminium-stainless steel (Al-
St), and stainless steel-Invar (St-Invar). Only one of the metamaterials studied is able to show negative Poisson’s ratio and CTE at
the same time, using the Al-Invar material combination. The achieved properties are: v =—0.0186 and o = —0.0366. Clearly, these
values are not large deviations from materials seen in nature, but they do represent the possibility of increased functionality that is
often not available to single-material systems.
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Figure 13. An example of one of the metamatefials designed, with blag
material

B. The three geometric parameters for the metamaterial are shown by H;, H, and 6. Reproduced from [44].

a) b) ¢) d)

Figure 14. Profile view of testing cubes with: (a) isotropic control MM (b) anisotropic control MM (c) isotropic test MM (d)
anisotropic test MM. White arrows on anisotropic MM indicate direction of magnetic polarisation. Reproduced from [45].
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The article by Ai et al [44] highlights a number of key scientific advancements. Firstly, the study extends the boundaries
of mechanical metamaterials as it does not involve joints that are welded, pinned, or pressure-fitted. Secondly, it is able to be created
via additive manufacturing. In this way, this metamaterial offers a scale of manufacturing not previously seen in multifunctional,
metamaterial composites. The authors also benefit from a vast amount of work carried out on auxetic structures (negative Poisson’s
ratio), whereas electrodynamic and acoustic metamaterials do not have this luxury.

An example of a frequency-dependent mechanical metamaterial is one characterised by Harne et al [45]. An on-demand
controllable magnetoelastic metamaterial (MM) is characterised in terms of its stress—strain relationship under a magnetic field.
Four materials are compared—two isotropic MMs and two anisotropic MMs—with control and test specimens, shown in figure 14.
An isotropic MM was made by curing iron particles within an elastomer without a magnetic field being present. An anisotropic
MM was made in the same way, but with a magnetic field applied during curing to polarise it. The paper aims to provide
experimental evidence of a MM that can be controlled and understanding of the extent to which it can be controlled. This tunability
was compared between a non-cellular and cellular topology, clearly seen by comparing figures 14(a)—(b) and figures 14(c)—(d).
When a magnetic field was applied, it was found that both isotropic and anisotropic cellular structures exhibited a larger frequency-
shift for the frequency at which the softening behaviour was displayed. This softening behaviour is also seen in the ‘double-
negative’ metamaterials exhibited by Hewage et al [46].

In order to test the tunability of the samples, tests were repeated with and without a magnetic field. A dramatic increase in
overall stiffness was seen with an anisotropic cellular structure when a magnetic field was applied, with a 100% increase in
maximum stiffness for a 15% reduction in maximum strain. This stiffness increase is attributed to the collapsing of the cells and
self-contact effects. Interestingly, beyond approximately 13% strain in the isotropic cellular structure, a sharp decrease in stiffness
is seen. A local negative Young’s modulus is shown by the material between 13% and 19% strain without field applied. With a
magnetic field applied, this range decreases to be between 12% and 16% strain. The shown tunability offers many applications in
vibration damping, impact resistance and noise management. Variable stiffness applications in soft robotics are also an avenue of
future work, though the interaction between tuning magnetic field and electronics may cause a problem. A larger sample regime,
with more parameters would also be of interest, as only four samples were tested. This would validate the conclusions from the
paper and allow for further research to take place. Chen et al [47] present a metamaterial that absorbs wave propagation whilst
keeping its function as a sandwich beam by using a modified mass-in-mass spring system. Multiple mass-spring-dashpots are used
to form a dissipative multi-resonator structure that is placed within the sandwich beam, shown in figure
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By changing the damping ratios of the outside and inside dashpot, strong wave attenuation can be achieved at given
frequencies (analytically calculated to be between 49 and 371 Hz). The system is optimised to a threshold of less than 5%
transmissibility. A large design region is found that satisfies these requirements, showing that the system can theoretically provide
enough wave attenuation. A numerical example of the blast resistance of such a system is shown, with the blast location, sensor
locations and dissipater locations as indicated by figure 15. The dissipative resonators show a large decrease in amplitude and
velocity of the incoming wave. Predicted wave attenuation bandwidth was confirmed: between 40 and 350 Hz, the amplitude is
decreased to near zero. The velocity without resonators peaks at 20 m s-1, whereas with resonators it peaks at 5.5 m s-1. The
mechanism is clearly effective, but the length over which it happens is large and further optimisation could lead to a shorter beam.
Additionally, it was not reported how the wave changes across the beam, which could indicate how many resonators are actually
needed in order to achieve the response desired. Further work could also look at tuning and extending the wave attenuation band to
beyond the 40-350 Hz gap, by adjusting the ratio between spring coefficient and mass. Zhang et al [48] present tunability within
mechanical metamaterials by introducing a soft metamaterial with a negative swelling ratio and tunable stress—strain curve. A three
part design is used for the unit cell, shown in figure. The stress—strain curves of various hydration and dehydration states were
experimentally measured and compared against FE simulation. Very good correlation between the two is found and it is clear that
various stiffness levels can be achieved by having different concentrations of saturation. A study on the influence of initial arc angle
was carried out, with results showing that either a negative or positive swelling ratio is possible. A negative swelling ratio means a
structure will get smaller the more hydration it receives. The manufacturing process of this metamaterial is carried out solely with
a 3D printer. This manufacturing process seems to be becoming more common as 3D printing technology advances.

and ligament (2) portions (b) structure when assembled together with an
angle
(a) of 45°. Reproduced from [49].

Figure 17. Schematic of: (a) unit cell showingrede

Applications of such materials can vary from soft robotics to molecular sieves. By reacting to ambient conditions the metamaterial
could form a portion of a smart system, where actuation is enabled through this distinct swelling behaviour. As the process shows
little hysteresis when expanding/compressing, it could easily be introduced into a detector system that is sensitive to hydration
levels. Such applications have not been considered within the paper and could be an area of future work. Zhao et al [49] detail
another controllable mechanical metamaterial, but one that uses thermal tuning for Poisson’s ratio modification. This thermally
controllable lattice structure combines a low elastic modulus material with high elastic modulus material, arranged in node and
element structure, shown in figure 17.

By utilizing current 3D printing technology, multiple materials can be printed into 2D-and 3D structures. Thus, the
Poisson’s ratios can be tuned. This, with the addition of using materials that respond to temperature, multiple behaviours can be
programmed into the structure. For example, a combination of low-stiffness nodes and high-stiffness elements results in a near-zero
Poisson’s ratio at 25 °C compared with a highly negative Poisson’s ratio at 70 °C for both experimental and finite element analysis.
Whilst an interesting result in itself, the design space expands greatly when considering that these lattice structures can be hybridised
to combine any number of Poisson’s ratios across the entire lattice structure at various temperatures. 3D lattice structures are
simulated by the authors and show expected auxetic behaviour at a range of temperatures, but ‘the hollow nature of the lattice makes
it difficult to fabricate a 3D lattice using current multi-material 3D printers’ [49]. However, the thermal tuneability and ease of
manufacturing indicates these lattice structures are promising and can be applied in soft robotics for programmable responses.

A possible future for multifunctional metamaterials

Multifunctional metamaterials offer behaviour not seen in nature. The present paper has broadly categorised them into
three themes: electrodynamic, acoustic and mechanical. There have been a number of common issue areas that have arisen whilst
completing this literature survey: bandwidth, fabrication technique and proof of applicability. The authors believe these issues can
find solutions in lattice structures.

Bandwidth Metamaterials were initially discovered by manipulating EM radiation, where given frequencies of waves
caused ‘backward’ behaviour in a specially designed structure. This meant that by definition, a metamaterial had a bandwidth (only
worked at given frequencies). This is especially true of electrodynamic and acoustic metamaterials. A more recent push to tunable
metamaterials is evidenced that designers are trying to expand the range over which the metamaterials work. The bandwidth of a
metamaterial isn’t inherently a downside however, if the functionality of the metamaterial is designed to be at that frequency.
Further work in making a multifunctional metamaterial tunable, such as those presented by Fan et al [30], Yu et al [43] and Zhao
et al [49], is crucial.

The bandwidth of a multifunctional metamaterial is directly linked with the tunability of the structure. If one can change
the metamaterial composite/shape/structure/geometry, then the inherent characteristics change (mainly due to Bragg scattering—
where the spacing between objects changes the wavelength of wave influenced.) Many types of external stimuli can be employed,
including electricity, hydration, heat, pressure, EM frequency, etc. This external stimuli is inherently limited however as a material
can only adapt (shrink/swell/ deform) within certain material, structural, geometric and temporal limits. In light of the above point,
a metamaterial with hierarchically structured lattices (i.e. one that has many ‘sizes’ within it) could be promising as it can affect the
wavelength at a variety of scales—a multifunctional, multi-scale metamaterial. However, these lattice-type hierarchical
metamaterials are a work in progress with published papers being sparse.
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Fabrication techniques 3D printing offers the most flexibility with metamaterials as the requirements (generally low
stiffness/strength and a different materials) suit this method. Both polymer (Zhang et al [48]) and non-polymer (Ai et al [44])
additive manufacturing have shown promise and further work into large volume manufacturing of metamaterials may prove fruitful.
Sadeqi et al [50] successfully showed the potential of coupling 2D etching and deposition processes, with nanoscale
stereolithography 3D printing to create frequency selective optical metamaterials. The fabrication approach proposed promises a
consolidation of metamaterial and optical elements with significant potential for reducing size, weight and complexity of
instruments. The authors believe that with the ongoing resolution improvements in 3D printing, a new breed of metamaterial devices
will be able to reach terahertz and optical frequencies in the near future. Lei et al [51] also showed the potential of 3D printing for
generating auxetic metamaterial, where a flat two-dimensional elastic sheet design can readily be translated into a cylindrical shell
through optimisation of the digital pattern and consideration of the rotational symmetry. New advances in 3D printing software and
hardware offers the possibility of a step-change in metamaterial fabrication with the potential to yield more complex solutions in
the future.

An interesting addition to 3D printing is the introduction of a printed smart material, with a time dependent attribute
(commonly referred to as 4D printing [52]). A metamaterial with an active material has the potential to move beyond an architecture
with fixed properties and gains the ability to adapt and adjust. Similar concepts have been explored in the past when building auxetic
lattices or porous solids with smart material components (such as shape memory alloys, shape memory polymers and
magnetorheological fluids) [53-56]. In the work by Yang et al [57], the authors demonstrated geometrically reconfigurable,
functionally deployable, and mechanically tunable lightweight lattice metamaterials using a shape memory polymer constructed
through a digital micro 3D printer. They noted the effective stiffness of the printed lattices changed by over two orders of magnitude
when operated within a temperature range of 30 °C to 90 °C. Similarly, Lei et al [51] also considered the potential of a shape
memory polymer as a 4D printing material for reversible change in the stiffness, geometry, and functions of their metamaterial
constructs. In this particular case, they designed a 4D cylindrical shell where the control of the moduli, Poisson’s ratios, and fracture
strains of the structure can be programmed and reprogrammed to realise complex shape changes. Clearly, this research using shape
memory polymers opens up the potential for geometrically reconfigurable and functionally deployable mechanical metamaterials;
it will now be interesting to see if 4D printing can also realise reconfigurable electrodynamic and acoustic metamaterials. These
examples illustrate the potential of novel design and material strategies in the development of metamaterials for the future. However,
some metamaterial designs do not readily lend themselves to this methodology since the scale at which they operate is beyond the
resolution of current 3D printers. The authors accept these limits are constantly being revised but fundamental there is a lower
manufacturing limit beyond which metamaterials will not reside.

Applications Metamaterials aim to add functionality to a composite structure through their ‘beyond nature” behaviour. As
the field is relatively new, working examples of application are few, especially among multifunctional metamaterials. Whilst the
discussed application space is broad, there are not many physical examples of multifunctional metamaterials applied to solve
problems as of yet. Future research into metamaterials that demonstrate their application in real life would establish their
functionality and increase the use of these appealing composite structures. One key area of application of EM metamaterials is the
field of 5G communication. Naqyvi et al [58] showed, through simulation, a 95%-100% absorption of EM waves from 20 to 60 GHz
(the range at which 5G operates) at a range of incidence angles. A symmetric, novel G-shape absorber is used that absorbs Ku, K-,
Ka-, Q- and U- bands. Another area where EM metamaterials show great promise is in flexible electronics. A wearable, metamaterial
antenna designed and simulated by Ali et al [59] shows greater than 69% radiation efficiency when placed on an simulated human
arm. With reasonable gain (6.29 dB) across a 74 MHz band gap centred around 2.42 GHz the metamaterial opens up a large number
of opportunities for electronics to integrate with biological systems in a more functional and less-invasive manner. A promising
avenue for acoustic metamaterials is energy harvesting. Wang et al [60] present an excellent example of a simple, diaphragm-based
acoustic metamaterial that is able to output up to 70 mV at a resonant frequency (318 Hz). This translates to a0.073 1 uW maximum
power output. Whilst not a large power output, when arranged in tandem and larger transducers are used, low-frequency energy
absorption would be a viable avenue of metamaterial application. A natural extension of this is in the aerospace industry, where
low frequency engine noise is very prevalent. A similar investigation and structure was developed by Sun et al [61] that was able
to produce 0.346 W of power at 600 Hz, and due to the resonant frequency driving the piezoelectric plate an output voltage ‘6.32
times higher than that of [a] conventional piezoelectric harvesting plate’ [61]. An analytical and numerical proof-of-concept for a
practical use of mechanical metamaterials is laid out by La Salandra et al [62]. Drawing on inspiration from phononic lattice
structures for low-frequency vibration attenuation, a 3D structured optimized foundation made of concrete and rubber. Results show
that acceleration of the tank can be halved with a ‘smart foundation’ at key frequencies. A second application area for mechanical
metamaterials is soft robotics. Rafsanjani et al [63] present a selection of soft robotic architectures in three themes: beam-based
structures, folding and cutting systems, reinforced systems. These features increase the functionality and programmability of soft
robotics far beyond the single function philosophy currently used. Rafsanjani et al point towards artificial intelligence as the main
future tool for capturing the design space and honing in on an optimized solution.

Lattice structures are extremely promising when considering the broad range of issues found in multifunctional composite
metamaterials. The manufacturing techniques available (3D printing and stereolithography-based techniques) enable prototypes and
experimental coupons to be easily manufactured. Multimedia 3D printing and 4D printing adds extra levels of functionality and (if
required) bandwidth to combat single-use and adaptive multi-use metamaterials.

Additionally, lattice structures are found in all three areas of multifunctional metamaterials (electrodynamic, acoustic and
mechanical). Whilst not pursued at the present time, a 3D multimedia lattice capable of influencing all three types of waves would
be a structure worth developing.

The identification of the metamaterial applications above is neither exclusive nor exhaustive and there are likely to be
many topics not listed that are equally important for future development. However, it is imperative that multidisciplinary or
transdisciplinary teams are created to develop the next generation of metamaterials.

[JCRT1133745 \ International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org | 899


http://www.ijcrt.org/

www.ijcrt.org © 2018 IJCRT | Volume 6, Issue 2 April 2018 | ISSN: 2320-2882

References

Ferreira AD B L, Novoa P R O and Marques A T 2016 Multifunctional material systems: a state-of-
the-art review Compos. Struct. 151 3-35

Lendlein A and Trask R S 2018 Multifunctional materials: concepts, function-structure relationships,
knowledge-based design, translational materials research Multifunct. Mater. 1 010201

Helou M and Kara S 2018 Design, analysis and manufacturing of lattice structures: an overview Int.
J. Comput. Integr. Manuf. 31 243-61

Gibson R F 2010 A review of recent research on mechanics of multifunctional composite materials
and structures Compos. Struct. 92 2793-810

Srivastava R K and Gupta P 2010 Overview of multi functional materials New Trends in Technologies
ed Z Lian (London: InTechOpen) ch 1 pp 1-8

Qin Fand Peng H X 2013 Ferromagnetic microwires enabled multifunctional composite materials
Carbonell J, Garcia-Miquel H and Sanchez-Dehesa J 2010 Double negative metamaterials based on
ferromagnetic microwires Phys.

Rev. B 81 024401

Luo Y, Qin F X, Scarpa F, Carbonell J, Ipatov M, Zhukova V, Zhukov A, Gonzalez J, Panina L V and
Peng H X 2016 Microwires enabled metacomposites towards microwave applications J. Magn. Magn.
Mater. 416 299-308

Torquato S, Hyun S and Donev A 2002 Multifunctional composites: optimizing microstructures for
simultaneous transport of heat and electricity Phys. Rev. Lett. 89 266601

Banerjee B 2011 An Introduction to Metamaterials and Waves in Composites (Boca Raton: CRC
Press)

Ziolkowski R W 2014 Metamaterials: the early years in the USA EPJ Appl. Metamater. 1 1-9
Walser R M 2001 Complex mediums II: beyond linear isotropic dielectrics Complex Mediums II:
Beyond Linear Isotropic Dielectrics ed A Lakhtakia et al (Bellingham, WA: SPIE) pp 1-15
Mandel’shtam L I 1945 Group velocity in a crystal lattice Zh. Eksp. Teor. Fiz 15 475-8

Pendry J B, Holden A J, Stewart W J and Youngs | 1996 Extremely low frequency plasmons in
metallic mesostructures Phys. Rev. Lett. 76 4473-6

Pendry J B, Holden A J, Robbins D J and Stewart W J 1999 Magnetism from conductors and enhanced
nonlinear phenomena IEEE Trans. Microwave Theory Tech. 47 2075-84

Shelby R A, Smith D R and Schultz S 2001 Experimental verification of a negative index of refraction
Science 292 77-9

Veselago V G 1968 The electrodynamics of substances with simultaneously negative values of 6 and
p Sov. Phys. 10 509-14

Smith D R, Pendry J B and Wiltshire M C K 2004 Metamaterials and negative refractive index Science
305 788-92

Nemat-Nasser S and Srivastava A 2011 Negative effective dynamic mass-density and stiffness: Micro-
architecture and phononic transport in periodic composites AIP Adv. 1 041502

Milton G W and Willis J R 2007 On modifications of Newton’s second law and linear continuum
elastodynamics Proc. R. Soc. A 463 855-80

Lakes R S and Drugan W J 2002 Dramatically stiffer elastic composite materials due to a negative
stiffness phase? J. Mech. Phys. Solids 50 979-1009

Lakes R 1987 Foam structures with a negative poisson’s ratio Science 235 103840

Lu L, Simpson R E and Valiyaveedu S K 2018 Active hyperbolic metamaterials: Progress, materials
and design J. Opt. 20 103001

Ma G and Sheng P 2016 Acoustic metamaterials: from local resonances to broad horizons Sci. Adv.
2 e1501595

Barchiesi E, Spagnuolo M and Placidi L 2019 Mechanical metamaterials: a state of the art Math.
Mech. Solids 24 212-34

Suen J Y, Fan K, Montoya J, Bingham C, Stenger V, Sriram S and Padilla W J 2017 Multifunctional
metamaterial pyroelectric infrared detectors Optica 4 276-9

Hasan D and Lee C 2018 Hybrid metamaterial absorber platform for sensing of CO2 gas at Mid-IR
Adv. Sci. 51700581

Ekmekci E and Turhan-Sayan G 2013 Multi-functional metamaterial sensor based on a broad-side
coupled SRR topology with a multi- layer substrate Appl. Phys. A 110 189-97

[JCRT1133745 \ International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org | 900


http://www.ijcrt.org/
https://doi.org/10.1016/j.compstruct.2016.01.028
https://doi.org/10.1016/j.compstruct.2016.01.028
https://doi.org/10.1088/2399-7532/aada7b
https://doi.org/10.1080/0951192X.2017.1407456
https://doi.org/10.1016/j.compstruct.2010.05.003
https://doi.org/10.1016/j.compstruct.2010.05.003
https://doi.org/10.5772/10444
https://doi.org/10.1103/PhysRevB.81.024401
https://doi.org/10.1016/j.jmmm.2016.04.089
https://doi.org/10.1103/PhysRevLett.89.266601
https://doi.org/10.1051/epjam/2014004
https://doi.org/10.1117/12.432921
https://doi.org/10.1103/PhysRevLett.76.4773
https://doi.org/10.1103/PhysRevLett.76.4773
https://doi.org/10.1109/22.798002
https://doi.org/10.1126/science.1058847
https://doi.org/10.1070/PU1968v010n04ABEH003699
https://doi.org/10.1126/science.1096796
https://doi.org/10.1063/1.3675939
https://doi.org/10.1098/rspa.2006.1795
https://doi.org/10.1098/rspa.2006.1795
https://doi.org/10.1016/S0022-5096(01)00116-8
https://doi.org/10.1016/S0022-5096(01)00116-8
https://doi.org/10.1126/science.235.4792.1038
https://doi.org/10.1088/2040-8986/aade68
https://doi.org/10.1126/sciadv.1501595
https://doi.org/10.1177/1081286517735695
https://doi.org/10.1364/OPTICA.4.000276
https://doi.org/10.1002/advs.201700581
https://doi.org/10.1007/s00339-012-7113-1

www.ijcrt.org © 2018 IJCRT | Volume 6, Issue 2 April 2018 | ISSN: 2320-2882

Liu L, Kang L, Mayer T S and Werner D H 2016 Hybrid metamaterials for electrically triggered
multifunctional control Nat. Commun.

713236

Fan K, Zhao X, Zhang J, Geng K, Keiser G R, Seren H R, Metcalfe G D, Wraback M, Zhang X and
Averitt R D 2013 Optically tunable terahertz metamaterials on highly flexible substrates IEEE Trans.
Terahertz Sci. Technol. 3 702-8

Shin D, Urzhumov Y, Jung Y, Kang G, Baek S, Choi M, Park H, Kim K and Smith D R 2012
Broadband electromagnetic cloaking with smart metamaterials Nat. Commun. 3 1213-8

Ma G and Sheng P 2016 Acoustic metamaterials: from local resonances to broad horizons Sci. Adv.
21-16

Mikoshiba K 2010 Study of 1d multifunctional acoustic metematerials MSc Thesis Purdue University
Chen X, Liu P, Hou Z and Pei Y 2017 Magnetic-control multifunctional acoustic metasurface for
reflected wave manipulation at deep subwavelength scale Sci. Rep. 7 1-9

Schaeffer M and Ruzzene M 2015 Wave propagation in multistable magneto-elastic lattices Int. J.
Solids Struct. 56 78-95

Dudek K K, Wolak W, Dudek M R, Caruana-Gauci R, Gatt R, Wojciechowski K W and Grima J N
2017 Programmable magnetic domain evolution in magnetic auxetic systems Phys. Status Solidi—
Rapid Res. Lett. 11 1-6

Dudek K K, Wolak W, Gatt R and Grima J N 2019 Impact resistance of composite magnetic
metamaterials Sci. Rep. 9 3963

Yin H M, Sun L Z and Chen J S 2006 Magneto-elastic modeling of composites containing chain-
structured magnetostrictive particles

J. Mech. Phys. Solids 54 975-1003

Yao J, Yang W, Gao Y, Scarpa F and Li Y 2019 Magnetorheological elastomers with particle chain
orientation: modelling and experiments Smart Mater. Struct. 28 095008

Kim H K, Kim H S and Kim Y K 2017 Stiffness control of magnetorheological gels for adaptive
tunable vibration absorber Smart Mater.

Struct. 26 015016

Tang Y, Ren S, Meng H, Xin F, Huang L, Chen T, Zhang C and Lu T J 2017 Hybrid acoustic
metamaterial as super absorber for broadband low-frequency sound Sci. Rep. 7 1-10

Popa B I, Shinde D, Konneker A and Cummer S A 2015 Active acoustic metamaterials reconfigurable
in real time Phys. Rev. B 91 220303

Yu K, Fang N X, Huang G and Wang Q 2018 Magnetoactive acoustic metamaterials Adv. Mater. 30
1-10

Ai L and Gao X-L 2017 Metamaterials with negative Poisson’s ratio and non-positive thermal
expansion Compos. Struct. 162 70-84

Harne R L, Deng Z and Dapino M J 2016 Characterization of adaptive magnetoelastic metamaterials
under applied magnetic fields

ASME 2016 Conference on Smart Materials, Adaptive Structures and Intelligent Systems (Stowe, VT,
USA , September 28-30, 2016,) 1-8

Hewage T A M, Alderson K L, Alderson A and Scarpa F 2016 Correction to: double-negative
mechanical metamaterials displaying simultaneous negative stiffness and negative Poisson’s ratio
properties Adv. Mater. 28 10323

Chen Y 2017 Broadband, reconfigurable and multifunctional elastic wave control with smart
metamaterials PhD Thesis University of Missouri-Columbia In

Zhang H, Guo X, Wu J, Fang D and Zhang Y 2018 Soft mechanical metamaterials with unusual
swelling behavior and tunable stress- strain curves Sci. Adv. 4 1-10

Zhao Z, Yuan C, Lei M, Yang L, Zhang Q, Chen H, Jerry Qi H and Fang D 2019 Three-dimensionally
printed mechanical metamaterials with thermally tunable auxetic behavior Phys. Rev. Appl. 11 1
Sadeqi A, Nejad HR, Owyeung R E and Sonkusale S 2019 Three dimensional printing of metamaterial
embedded geometrical optics

(MEGO) Microsyst. Nanoeng. 5 16

Lei M, Hong W, Zhao Z, Hamel C M, Chen M, Lu H and Jerry Qi H 2019 3D printing of auxetic
metamaterials with digitally reprogrammable shape ACS Appl. Mater. Interfaces 11 22768-76
Mulakkal M C, Trask R S, Ting V P and Seddon A M 2018 Responsive cellulose-hydrogel composite
ink for 4D printing Mater. Des. 160 108-18

[JCRT1133745 \ International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org | 901


http://www.ijcrt.org/
https://doi.org/10.1038/ncomms13236
https://doi.org/10.1109/TTHZ.2013.2285619
https://doi.org/10.1038/ncomms2219
https://doi.org/10.1126/sciadv.1501595
https://doi.org/10.1016/j.ijsolstr.2014.12.003
https://doi.org/10.1002/pssr.201700122
https://doi.org/10.1038/s41598-019-40610-w
https://doi.org/10.1016/j.jmps.2005.11.007
https://doi.org/10.1088/1361-665X/ab2e21
https://doi.org/10.1088/1361-665X/26/1/015016
https://doi.org/10.1038/srep43340
https://doi.org/10.1103/PhysRevB.91.220303
https://doi.org/10.1103/PhysRevB.91.220303
https://doi.org/10.1002/adma.201706348
https://doi.org/10.1002/adma.201706348
https://doi.org/10.1016/j.compstruct.2016.11.056
https://doi.org/10.1115/SMASIS2016-9252
https://doi.org/10.1002/adma.201603959)
https://doi.org/10.1126/sciadv.aar8535
https://doi.org/10.1103/PhysRevApplied.11.044074
https://doi.org/10.1038/s41378-019-0053-6
https://doi.org/10.1021/acsami.9b06081
https://doi.org/10.1016/j.matdes.2018.09.009
https://doi.org/10.1016/j.matdes.2018.09.009

www.ijcrt.org © 2018 IJCRT | Volume 6, Issue 2 April 2018 | ISSN: 2320-2882

Scarpa F and Smith F C 2004 Passive and MR fluid-coated auxetic PU foam—Mechanical, acoustic,
and electromagnetic properties

J. Intell. Mater. Syst. Struct. 15 973-9

Rossiter J, Takashima K, Scarpa F, Walters P and Mukai T 2014 Shape memory polymer hexachiral
auxetic structures with tunable stiffness Smart Mater. Struct. 23 045007

Shaw J A, Grummon D S and Foltz J 2007 Superelastic NiTi honeycombs: Fabrication and
experiments Smart Mater. Struct. 16 S170

Jacobs S, Coconnier C, Dimaio D, Scarpa F, Toso M and Martinez J 2012 Deployable auxetic shape
memory alloy cellular antenna demonstrator: design, manufacturing and modal testing Smart Mater.
Struct. 21 075013

Yang C, Boorugu M, Dopp A, Ren J, Martin R, Han D, Choi W and Lee H 2019 4D printing
reconfigurable, deployable and mechanically tunable metamaterials Mater. Horiz. 6 1244-50

Nagvi S A and Bagir M A 2018 Ultra-wideband symmetric G-shape metamaterial-based microwave
absorber J. Electromagn. Waves Appl. 32 2078-85

Ali U, Ullah S, Shafi M, Shah S A A, Shah I A and Flint J A 2019 Design and comparative analysis
of conventional and metamaterial- based textile antennas for wearable applications Int. J. Numer.
Modell. 32 e2567

Wang X, Xu J, Ding J, Zhao C and Huang Z 2019 A compact and low-frequency acoustic energy
harvester using layered acoustic metamaterials Smart Mater. Struct. 28 025035

Sun K H, Kim J E, Kim Jand Song K 2017 Sound energy harvesting using a doubly coiled-up acoustic
metamaterial cavity Smart Mater.

Struct. 26 075011

Salandra'V L, Wenzel M, Bursi O S, Carta G and Movchan A B 2017 Conception of a 3d metamaterial-
based foundation for static and seismic protection of fuel storage tanks Frontiers Mater. 4 1-13
Rafsanjani A, Bertoldi K and Studart A R 2019 Programming soft robots with flexible mechanical
metamaterials Sci. Robot. 4 1-3

[JCRT1133745 \ International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org | 902


http://www.ijcrt.org/
https://doi.org/10.1177/1045389X04046610
https://doi.org/10.1088/0964-1726/23/4/045007
https://doi.org/10.1088/0964-1726/16/1/S17
https://doi.org/10.1088/0964-1726/21/7/075013
https://doi.org/10.1039/C9MH00302A
https://doi.org/10.1080/09205071.2018.1492976
https://doi.org/10.1002/jnm.2567
https://doi.org/10.1088/1361-665X/aafbf6
https://doi.org/10.1088/1361-665X/aa724e
https://doi.org/10.3389/fmats.2017.00030
https://doi.org/10.1126/scirobotics.aav7874

