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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 asmutually
exclusive. In the present perspective paper, a subclass ofmultifunctional composites is considered:
metamaterials. In this perspective, amultifunctional composite is defined as ‘made of two ormore
materials that perform twoormore functions in amanner that is constructive to the overall purpose of
the structure’where there is no differentiation between structural or non-structural functions.
Equally, we definemetamaterials are a class ofman-made structures that display properties that are
opposite to those typically found in nature. These ‘engineered’ architectedmaterials continue to revisit
and extend the boundaries of traditionalmaterials science, opening up awealth of new opportunities
impacting on all aspects of human life. In ourwork,multifunctionalmetamaterials are delineated:
electrodynamic, acoustic andmechanical.We review the current progress in these types of
multifunctionalmetamaterials 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-typemultifunctionalmetamaterials; namely, bandwidth, fabrication
technique and proof of applicability. Success by the scientific community in these areaswill lead to 3D
multi-scale andmultimedia lattice frameworks capable of influencing all three types of waves
instantly; such a systemwould be amajor technological breakthrough andwill redefine our concept
and understanding ofmultifunctionalmetamaterials in the next 10–20 years.

1. 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, increasedweight, high cost) by engineering thematerial so
that the functionality is increased and these by-products are decreased [1, 2]. In this perspective paper, a subset
ofmultifunctional composites is considered:metamaterials. To see the context of the discussion, figure 1 shows
the three themes covered, indicating some of their structures andwhat the authors view as themost promising
structural configuration to combat issues ofmanufacturing, applications and bandwidth (the frequency range in
which themetamaterial 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 ofmultifunctional composites isflexible within literature. Some authorsmake 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 amultifunctionalmaterial [1, 5]. There is a derivative of
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multifunctional composites that have bothmechanical and dielectric active performance—metacomposites.
These polymeric composites with reinforcementsmade ofmicrowires (Fe orCu-based) are found throughout
literature [6–8]. For the purpose of this paper, amultifunctional composite will be defined as ‘made of two or
morematerials that perform two ormore functions in amanner that is constructive to the overall purpose of the
structure’where there is no differentiation between structural or non-structural functions.Whilst the definition
ofmultifunctional composites varies within the literature, the inspiration is nature, where biological systems
simultaneously have competing requirements (such as ductility and stiffness) that aremet inmultifunctional
systems [9].

Metamaterials go beyond (hence the prefixmeta-)what is found in nature by behaving in away 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]. Ametamaterial (sometimes called a left-handed
material (LHM)) exhibitsmaterial characteristics such as permittivity, bulkmodulus or refractive index displays
behaviour that is not seen in nature—such as negative refractive index or negative bulkmodulus. Thefirst
mention of theword ‘metamaterial’ is found in an invitation to aDefense AdvancedResearch Projects Agency
workshop in 1999 [11] and then subsequently in publication from a participant of that workshop,Walser [12].
The onset of this behaviourwas originally related to the frequency of the impinging electromagnetic (EM)wave.
However,more recently this definition has evolved and thesematerial characteristics are sometimes seen
irrespective of the frequency.However, the theoretical proposal ofmaterials that display these ‘backward’

Figure 1.Multifunctionalmetamaterial composites considered under acoustic, electrodynamic andmechanical realms. The
infographic captures the thematic areas discussed in the perspective showing the convergence of the scientific conditions for the
development of 3Dmulti-scale andmultimedia lattice frameworks capable of influencing the acoustic, elastic and electromagnetic
domains simultaneously.
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properties can be traced toMandel’shtam in 1945 [13], who proved the ‘existence in realmedia—crystal lattices
—of a range of frequencies with negative group velocity’.

Lack of physical demonstratorsmeant that progress in the fieldwas slowuntil Pendry et alcreated amedia
where electrical permittivity was negative [14] and then later amedia inwhichmagnetic permeability was
negative [15]. These two discoveries created a platform fromwhich the firstmodernmetamaterial was created in
2001 by Smith et alby combining split-ring resonators (a pair of enclosed loops that have splits at opposite ends
that strongly couple themagnetic response of the structure to the applied electromagnetic field) andwires [16].
‘[A] two-dimensionally periodic array of copper split ring resonators andwires’ [16]was fabricated onto a fibre
glass circuit board into awedge-shape.Microwave frequencies were passed through the structure and the
deflection from the normal wasmeasured. This influential paper experimentally validatedVeselago’s 1968
prediction [17]: that atmicrowave frequencies a ray striking an LHMwill refract to the same side of the normal,
diagrammatically shown infigure 2.

Current generationmetamaterials can broadly be classed in three sectors, depending on the type of waves
that they influence.Materials that change the EMfield are classed as electrodynamicmetamaterials,materials
that alter pressure within afluid are classed as acousticmetamaterials and elasticmaterials thatmanipulate
elastic waves are classed asmechanicalmetamaterials. This said, the classification ofmultifunctional
metamaterials has evolvedmore recently, similar to the definition ofmetamaterials, so that distinct classes often
mix. Ametamaterial said to influence acoustic wavesmay also influence elastic waves if themechanism is placed
inside an elastic body. For clarity, however, themetamaterials will still be classified as above. The equations that
govern thewave interactions will not be expounded in this paper; the reader is directed to [10] for full
derivations.

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

This perspective fills a gapwithin literature by critiquingmaterials that fulfil three qualities: composite
material,made of two ormorematerials;multifunctional, performing two ormore 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 andmore specifically how lattice structures are able to resolve the current challenges
within the community. For full reviews of electrodynamic, acoustic andmechanicalmetamaterials, the readers
are referred to References [23–25], respectively.

2.Metamaterial classification

This section considers the three types ofmetamaterials 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.

Figure 2.Metamaterial showing negative refractive index. In a normalmaterial an incident ray changes angle from θ1 to θ2 whereas in
ametamaterial the incident ray changes angle from θ1 to θ3.
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2.1. Electrodynamicmetamaterials
Metamaterials that influence the behaviour of EMwaves fall under the category of electrodynamic. Two key
material properties (electrical permittivity, ò, andmagnetic permeability,μ) can be derived to be frequency
dependent [10].With these frequency equations, the properties of themetamaterial can be tailored at given
frequency ranges.

One example of a very recentmultifunctionalmetamaterial that affects EM rays is the pyroelectric infrared
(IR) detectors conceptualised and demonstrated by Suen et al [26]. Pyroelectricmaterials, 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 detectorsmust have at least afilter, sensor and
electrode, all three functions have beenmet in the pyroelectricmetamaterial detector. Thefilter function is
enabled through the geometry andmaterial of the top section of the detector. Depending on the size of the unit
cell, a different absorptionwavelength can be realised through a small range of 8.3–10.7μm.The sensor and
electrode function are from themetallic layer. The unit cell can be seen infigure 3(a) and repeating pattern in
figure 3(b).

There are a number of benefits to amultifunctional detectormade from compositemetamaterials. Firstly,
the ‘detector itself is spectrally selective but can be tuned by simply changing the dimensions of the topmetal
structure’ [26], greatly simplifying the system (nomoving 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 (littleflexibility in the
operational frequencies). This characteristic of a narrow, inflexible bandwidth is commonwithin
electrodynamicmetamaterials as themetamaterial properties are a function of a geometry which cannot change.

Thismetamaterial sensor has found use inCO2 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].

Amacro-scale (i.e. between 1 and 100 mm in size)multifunctionalmetamaterial sensor that has the
capability to sense changes at themacro scale inmoisture 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 amaterial being used in reverse in order to sense changes in quantities of interest bymeasuring resonant
frequencies. An intermediate layer (dint) is sandwiched between two substrates (dsub) onwhich 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.

Tofind the variations in environmental factors (such as humidity, density and temperature asmentioned
previously), a relationship between permittivity of the intermediate layer (òint), capacitance of SRR and resonant
frequency is found. As the òint increases from the environment, SRR capacitance increases causing a decrease in
resonance frequency. The same applies vice versa. Very good sensitivity is seen inmoisture content, density and
temperature sensingwith resolution of 0.07%, 2 mg cm−3 and 0.21°C, respectively, for a frequency resolution
(Δf ) of 1MHz. ThisΔf is reasonable considering the sensor works in themicrowave region (in this instance,
10–12GHz). 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 simultaneouslymeasured. This avenue appears not be have been pursued at the present time.

The intermediate layer was changed based on the environmental factorwanting to bemeasured, but the
choice of intermediate layer is restricted as the variation in permittivitymust complement the frequency range
being used. For example, for a given change in temperaturewithin seawater, theremust be data about the
permittivity of seawater as a function of salinity and temperature. This requirementmeans the list of usable
intermediatematerials is a short one. Similar to the narrow bandwidth issue found in pyroelectric IR sensors, the
selective nature ofmetamaterials is an advantage and disadvantage, depending on the application. Futurework

Figure 3.Pyroelectricmetamaterial schematic where: (a) shows a unit cell with gold outer layer and grey lithiumniobate substrate and
(b) shows a collection of unit cells. Reproduced from [26].

4

Multifunct.Mater. 2 (2019) 043001 R L Lincoln et al



could investigate the possibility of incorporatingmore 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 electrodynamicmetamaterial is proposed by Liu et al [29],
where a hybridmetamaterial is able to be tuned based on an electric current. A layered structure is used to create
a self-contained device, shown infigure 5. The bottomAu layer is a ground plane, whereas the top cross pattern
provides two functions. First, the structure aids resonant absorptionmodes and second, by being connected to
an external circuit it heats up because of currentflow. The thermal conductivity characteristics of Au also enable
it to heat theVO2 layers easily through the Al2O3 layers. TheAl2O3 layers create sharper absorption resonance at
room temperature and act as diffusion layers betweenAu andVO2.

By combining thesematerials in the designed structure, electrical control of the permittivity in themid-IR
range is demonstrated experimentally.When the applied current is 0 A, themetamaterial is reflective at 2.67 μm,
whereas when the applied current is 2.03 A, themetamaterial is completely invisible at 2.67 μm.When the
current is further increased, themetamaterial appears to be completely absorptive. This phenomenon can be
exploited to generate ‘electrically switchable reflection’ [29] at resonantwavelengths. 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 andwould be a critical area of
futurework. In order for practical cloaking devices to be created, the frequency to be cloaked frommust be
known. Inmedical situations (where specific frequencies are used) this is possible. However, inmore dynamic
environments (e.g.military applications) a broadband, tunablemetamaterial would be necessary.

Fan et alshow a tunablemetamaterial that has been experimentally and numerically proven to ‘yield a
transmissionmodulation 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 thesemodulation and transmission percentages are not as large as
other experiments, themetamaterials (shown infigure 6) are thin and flexible: they can be placed on nonplanar
surfaces. This drastically increases the adaptability of thesemetamaterials.

The unit cell has dimensions of 68 μmby 68 μm.Themetamaterial has dimensions of 8 mmby 8mm.With
a total thickness of themetamaterial of 4.7 μm, it can easily bewrapped around a cylinder and still exhibit
tunable performance. In order to tune themetamaterial, optical-pumpTHz-probe spectroscopy is used. By
changing the pumppower by a fewmW, large transmission amplitude changes are seen at various frequencies.

Figure 4.Adouble-sided split ring resonator (DSRR).Where: dsub is the thickness of the substrate layer; dint is the thickness of the
intermediate layer and gold rings form the split ring resonator (one on both sides). Reproduced from [28].

Figure 5.Unit cell structurewith labelled layers.Where: VO2 is vanadiumdioxide, Al2O3 is aluminiumoxide andAu is gold.
Reproduced from [29].
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At 0 mWand resonant frequency, transmission is at 25%,whereas at 1 mWand 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. Themanufacturing process is
brieflymentioned by Fan et al, including the possibility that the transfer process used to achieve the thin layer of
theGaAs semiconductor can be used for other semiconductors. This would open up new avenues of futurework
and a largerfield offlexiblemetamaterials could be researched.

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

The experimental and simulation results show a broadband (10–12GHz) 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
twomaterials utilized, silicon and air, are ‘virtually lossless and dispersion-free atmicrowave frequencies’ [31].
The construction of the lattice-type structure is fromoff-the-shelf injection-moulded silicon tubes, arranged in
a right-angle triangle. As can be seen infigure 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 regionwhen compressed. A given
density profile is necessary to produce the required variation in effective refractive index. In terms of
manufacturability and tunability, thismetamaterial 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 EMproperties canwarp an EMwave, Shin et al
present an elegant solution to change the EMproperties by physically changing thematerial stress and strain
profile.

Themetamaterial 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 inmechanical structure. Additionally,

Figure 6.Unit cell, based on SRRdesign.Material composition is labelledwhere: GaAs is gallium arsenide, Au is gold.Metamaterial
shown on rightwith dimensions. Reproduced from [30].

Figure 7.Metamaterial created by Shin et alwhere (a) shows a unit cell with a lattice constant of 10 mmand a diameter of each circle
9 mm, inside the pre-deformedmetamaterial and (b) shows pre-deformed shapewith force applied and deformed shape, with dotted
‘invisible’ area. Reproduced from [31].
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further investigation intomaterial choice could reveal amaterial that has amuch 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 andwith advances in
manufacturing this is a possibility.

2.2. Acousticmetamaterials
Metamaterials that affect the response of awave through afluid are classed as acousticmetamaterials. In an
analogousmanner to electrodynamicmetamaterials, there are two essential properties that influence an acoustic
metamaterials response: ρ, mass density andκ, bulkmodulus [32]. The following section discusses
multifunctionalmetamaterials that have constitutive properties not found in nature.

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

These unit cells are combined in sequence. Through harmonic excitation, given conditions of wave
attenuation can be achieved for differentmass ratios and spring constant ratios. The condition of interest is
where all externalmasses (M1) oscillate at the natural frequency of the system, close to local resonant frequency.
At close to local resonant frequency, the internalmasses have amplitude greater than the driving frequency,
which continues propagation of thewave 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 themass-in-mass springmodel are usually
impractical for producing sufficient electricity. Thus, thismetamaterial can be used as a sound blockwhere high
frequency noise is available, i.e.—most high power engines, to generate electricity and dampen noise.
Additionally, thismetamaterial canmeasure the resonant frequency of a location by seeingwhere voltage
generation is largest.Whilst experimental data is shown in this paper, the possible applications were not
explored. A damping feedback system could be imaginedwhere resonant frequency generates electricity, which
in turn powers an active damping system to reduce resonant frequency.

Chen et alaim to combat acousticmetasurfaces that are passive, have narrow operative band and are
monofunctional by designing amagnetically-tunedmultifunctional acousticmetamaterial [34]. It is important
to note that the use ofmagnetics inmetamaterials is well established. Examples ofmetamaterial lattices
capitalising on puremagnetic attraction-repulsion and shape 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 amagnetic force that enables tuning of the transmission
spectrum. An additional function can be created added by ‘switching themagnetic force distribution’ [34]. By
doing this, acoustic wavemanipulation is possible without changing the structure of themetamaterial. Active
control is designed into themembrane-type structure by allowing nonlinear geometric changes to the structure.
A thin polyamide elasticmembrane is supportedwith aluminium rings either side, and amagneticmass is placed
in the centre of themembrane, shown infigure 9(a).

By changing the distance between electromagnet andmass (positioned below unit cell, shown infigure 9(b)),
out-of-planemagnetic forces can vary. This causes a change in tension in themembrane and therefore a shift in
phasemodulation and transmission loss. This process is repeated at each unit cell, and an overall system
response can be customised depending on themagnetic force distribution. This system response has the ability
to redirect or focuswaves, depending on this distribution. Low-frequency acoustic cloaking is an application of
this. By changing the reflective properties of the acousticmetamaterial and arranging themetamaterial in a
closed shape, an ‘invisible’ regionwithin the closed shape can be created.

Tang et aldemonstrate theoretically and throughfinite element analysis an acousticmetamaterial that has
‘low-frequency sound absorption, excellent stiffness/strength and impact energy absorption’ [41]. A
honeycomb-corrugated (HC) hybrid core sandwichwith top panel and bottom facesheet is shown in figure 10.

Figure 8.Unit cell ofmultifunctionalmetamaterial composite with:K1=spring constant of outer shell,M1=mass of outer shell,
K2=spring constant of inner spring,M2=mass of permanentmagnet. Reproduced from [33].
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Both the top panel and corrugated core havemicro-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 studywas carried out to investigate the
influence of geometry on the absorption of themetamaterial, though each studywas carried out independently.
An optimisation loop of themost influential parameters could be an interesting area of work, especially if the
absorption frequency could be included in this. Additionally, as thework by Tang et alwas only theoretical and
numerical, a physical demonstrator would be a logical next step. An investigation into types ofmaterial this
structure could bemade of whilst still achieving desirable absorption qualities could lead tomany 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 prolificwithin the
aerospace industry as floor and side panels. Using the design features outlined by Tang et althe honeycomb
sandwich panels could becomemultifunctional acousticmetamaterials. Pursuing this as an avenue of future
workwould open upmany opportunities for large-scale acoustic dampening for use in the aerospace,
construction andmusic industry. In addition, the paper by Tang et alonly 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 acousticmetamaterialmade of piezoelectricmembranes 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 thewavewithinmilliseconds. An example of the unit cell and slab are shown infigure 11.

To test the functionality of this slab, threemodulated pulses were sentwith a gap of 13ms. The results show
that each pulse, via electronicmanipulation of the circuit, has a different focal position and focal direction. To
add to thismultifunctionality, further experiments were completed to show themetamaterial can perform two
functions at the same time: it is able to steer an incomingwave in a different direction and focus an incoming
wave, simultaneously. An interesting feature of this design is the simplicity and availability of thematerials. The
piezoelectricmembrane is available commercially and the housing is acrylic glass. Thismeans future
experimental work can be easily carried out, and variations in the set-up could be tested. Applications of this
metamaterial ranges fromnonlinear imaging to acoustic cloaking. Nonlinear imaging has applications in the
medicalfield, for ultrasonic testing, and also in nondestructive testing of composites.

Figure 9.Membrane unit cell schematic where: (a) is a top and side view of themembrane unit cell and (b) shows the electromagnet
position relative to the unit cell. Reproduced from [34].

Figure 10. Single though-thickness layer of honeycomb-corrugated (HC) hybrid core, top panel and bottom facesheet. Reproduced
from [41].
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Yu et al [43] extend this tuneability to three dimensions by creatingmagnetoactive acousticmetamaterial
responsive to external physical stimuli. A 3D lattice structure embeddedwith ferromagnetic nanoparticles
within a polymer substrate (created via stereolithography-basedmanufacturing 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 3Dmodel and in real life infigure 12.

Bymodulating themagnetic field, the Young’smodulus 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 inmetamaterials. 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, themagnetic 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
fridgemagnet). Therefore the applicability of such a structure is limited to very specific acoustic transmission
opportunities. However, the proof of concept is promising, as thematerials andmanufacturing are highly
accessible.

2.3.Mechanicalmetamaterials
Elastic bodies that undergo deformations through static or dynamicwaves can been designed so that
fundamental properties such as Poisson’s ratio, ν, dynamicmass density, ρeff, coefficient of thermal expansion
(CTE),α, can respond in amanner never seen before. Thesematerials are calledmechanicalmetamaterials.
Whilst electrodynamic and acoustic are often distinctly frequency-dependent, and so have a bandwidth inwhich
they perform in a givenway,mechanicalmetamaterials 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 amaterial with
negative νandα. The authors compare fourmetamaterials with slightly different lattice structures, and perform
a parametric study on seven variables that affect the properties of themetamaterial designed. A designed
metamaterial, with geometric parameters labelled, is shown infigure 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]. Threematerial combinations are used, aluminium-Invar (Al-
Invar), aluminium-stainless steel (Al-St), and stainless steel-Invar (St-Invar). Only one of themetamaterials
studied is able to shownegative Poisson’s ratio andCTE at the same time, using the Al-Invarmaterial
combination. The achieved properties are: ν=−0.0186 andα=−0.0366. Clearly, these values are not large
deviations frommaterials seen in nature, but they do represent the possibility of increased functionality that is
often not available to single-material systems.

Figure 11.Aunit cell with brass ground plane, ceramic piezoelectricmembranewith a silver electrode deposited atop themembrane.
Themetamaterial slabwith 10 unit cells is shown below. Reproduced from [42].

Figure 12.A3Dmodel (a) of the ferromagnetic-polymer structure and real life (b) structure asmanufactured. Taken from [43]with
permissions.
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The article byAi et al [44] highlights a number of key scientific advancements. Firstly, the study extends the
boundaries ofmechanicalmetamaterials as it does not involve joints that arewelded, pinned, or pressure-fitted.
Secondly, it is able to be created via additivemanufacturing. In this way, thismetamaterial offers a scale of
manufacturing not previously seen inmultifunctional, metamaterial composites. The authors also benefit from
a vast amount of work carried out on auxetic structures (negative Poisson’s ratio), whereas electrodynamic and
acousticmetamaterials do not have this luxury.

An example of a frequency-dependentmechanicalmetamaterial is one characterised byHarne et al [45]. An
on-demand controllablemagnetoelasticmetamaterial (MM) is characterised in terms of its stress–strain
relationship under amagnetic field. Fourmaterials are compared—two isotropicMMs and two anisotropic
MMs—with control and test specimens, shown infigure 14.

An isotropicMMwasmade by curing iron particles within an elastomer without amagnetic field being
present. An anisotropicMMwasmade in the sameway, but with amagnetic field applied during curing to
polarise it. The paper aims to provide experimental evidence of aMMthat can be controlled and understanding
of the extent towhich it can be controlled. This tunability was compared between a non-cellular and cellular
topology, clearly seen by comparing figures 14(a)–(b) andfigures 14(c)–(d).When amagnetic fieldwas applied,
it was found that both isotropic and anisotropic cellular structures exhibited a larger frequency-shift for the
frequency at which the softening behaviourwas displayed. This softening behaviour is also seen in the ‘double-
negative’metamaterials exhibited byHewage et al [46].

In order to test the tunability of the samples, tests were repeatedwith andwithout amagneticfield. A
dramatic increase in overall stiffness was seenwith an anisotropic cellular structure when amagnetic fieldwas
applied, with a 100% increase inmaximum stiffness for a 15% reduction inmaximum 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 shownby thematerial between 13%and 19% strainwithout field applied.With amagnetic field
applied, this range decreases to be between 12%and 16% strain. The shown tunability offersmany applications
in vibration damping, impact resistance and noisemanagement. Variable stiffness applications in soft robotics
are also an avenue of future work, though the interaction between tuningmagnetic field and electronicsmay
cause a problem. A larger sample regime, withmore 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 ametamaterial that absorbs wave propagationwhilst keeping its function as a
sandwich beamby using amodifiedmass-in-mass spring system.Multiplemass-spring-dashpots are used to
form a dissipativemulti-resonator structure that is placedwithin the sandwich beam, shown infigure 15.

Figure 13.An example of one of themetamaterials designed, with black lines indicatingmaterial A and grey lines indicatingmaterial
B. The three geometric parameters for themetamaterial are shown byH1,H2, and θ. Reproduced from [44].

Figure 14.Profile view of testing cubes with: (a) isotropic controlMM (b) anisotropic controlMM (c) isotropic testMM (d)
anisotropic testMM.White arrows on anisotropicMM indicate direction ofmagnetic polarisation. Reproduced from [45].
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By changing the damping ratios of the outside and inside dashpot, strongwave attenuation can be achieved
at given frequencies (analytically calculated to be between 49 and 371Hz). 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 enoughwave 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 incomingwave. Predictedwave
attenuation bandwidthwas 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.

Themechanism 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 thewave changes across the beam,which
could indicate howmany resonators are actually needed in order to achieve the response desired. Further work
could also look at tuning and extending thewave attenuation band to beyond the 40–350 Hz gap, by adjusting
the ratio between spring coefficient andmass.

Zhang et al [48] present tunability withinmechanicalmetamaterials by introducing a softmetamaterial with
a negative swelling ratio and tunable stress–strain curve. A three part design is used for the unit cell, shown in
figure 16.

The stress–strain curves of various hydration and dehydration states were experimentallymeasured 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 ratiomeans a structure will get smaller themore hydration it receives. Themanufacturing
process of thismetamaterial is carried out solely with a 3Dprinter. Thismanufacturing process seems to be
becomingmore common as 3Dprinting technology advances.

Figure 15.Mass-spring-dashpot systemwithin overall sandwich beam. Lower figure indicates distances over which the excitation (red
star)was dissipated andwhere sensors (blue circles)were placed. Reproduced from [47].

Figure 16. Softmetamaterial with: (a)material layering of elastomer, hydrogel (fits inside elastomer) and polymer (b) unit cell of
metamaterial in a partially deformed state (c) collection of unit cells partially deformed. Reproduced from [48].

11

Multifunct.Mater. 2 (2019) 043001 R L Lincoln et al



Applications of suchmaterials can vary from soft robotics tomolecular sieves. By reacting to ambient
conditions themetamaterial 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
consideredwithin the paper and could be an area of futurework.

Zhao et al [49] detail another controllablemechanicalmetamaterial, but one that uses thermal tuning for
Poisson’s ratiomodification. This thermally controllable lattice structure combines a low elasticmodulus
material with high elasticmodulusmaterial, arranged in node and element structure, shown in figure 17.

By utilizing current 3Dprinting technology,multiplematerials can be printed into 2D and 3D structures.
Thus, the Poisson’s ratios can be tuned. This, with the addition of usingmaterials 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°Ccomparedwith 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 latticemakes it difficult to fabricate a 3D lattice using currentmulti-material 3Dprinters’ [49]. However,
the thermal tuneability and ease ofmanufacturing indicates these lattice structures are promising and can be
applied in soft robotics for programmable responses.

3. A possible future formultifunctionalmetamaterials

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

3.1. Bandwidth
Metamaterials were initially discovered bymanipulating EM radiation, where given frequencies of waves caused
‘backward’ behaviour in a specially designed structure. Thismeant that by definition, ametamaterial had a
bandwidth (onlyworked at given frequencies). This is especially true of electrodynamic and acoustic
metamaterials. Amore recent push to tunablemetamaterials is evidenced that designers are trying to expand the
range over which themetamaterials work. The bandwidth of ametamaterial isn’t inherently a downside
however, if the functionality of themetamaterial is designed to be at that frequency. Further work inmaking a
multifunctionalmetamaterial tunable, such as those presented by Fan et al [30], Yu et al [43] andZhao et al [49],
is crucial.

The bandwidth of amultifunctionalmetamaterial is directly linkedwith the tunability of the structure. If one
can change themetamaterial composite/shape/structure/geometry, then the inherent characteristics change
(mainly due to Bragg scattering—where the spacing between objects changes thewavelength 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 amaterial can only adapt (shrink/swell/
deform)within certainmaterial, structural, geometric and temporal limits.

In light of the above point, ametamaterial with hierarchically structured lattices (i.e. one that hasmany
‘sizes’within it) could be promising as it can affect thewavelength at a variety of scales—amultifunctional,
multi-scalemetamaterial. However, these lattice-type hierarchicalmetamaterials are awork in progress with
published papers being sparse.

Figure 17. Schematic of: (a) unit cell showing node (1) and ligament (2) portions (b) structurewhen assembled together with an angle
(α) of 45°. Reproduced from [49].
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3.2. Fabrication techniques
3Dprinting offers themost flexibility withmetamaterials as the requirements (generally low stiffness/strength
and a differentmaterials) suit thismethod. Both polymer (Zhang et al [48]) and non-polymer (Ai et al [44])
additivemanufacturing have shown promise and furtherwork into large volumemanufacturing of
metamaterialsmay prove fruitful. Sadeqi et al [50] successfully showed the potential of coupling 2D etching and
deposition processes, with nanoscale stereolithography 3Dprinting to create frequency selective optical
metamaterials. The fabrication approach proposed promises a consolidation ofmetamaterial and optical
elements with significant potential for reducing size, weight and complexity of instruments. The authors believe
thatwith the ongoing resolution improvements in 3Dprinting, a new breed ofmetamaterial 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 auxeticmetamaterial, where aflat 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 3Dprinting software and hardware offers the possibility of a step-change in
metamaterial fabricationwith the potential to yieldmore complex solutions in the future.

An interesting addition to 3Dprinting is the introduction of a printed smartmaterial, with a time dependent
attribute (commonly referred to as 4Dprinting [52]). Ametamaterial with an activematerial has the potential to
move beyond an architecture withfixed 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 smartmaterial components
(such as shapememory alloys, shapememory polymers andmagnetorheological fluids) [53–56]. In thework by
Yang et al [57], the authors demonstrated geometrically reconfigurable, functionally deployable, and
mechanically tunable lightweight latticemetamaterials using a shapememory polymer constructed through a
digitalmicro 3Dprinter. They noted the effective stiffness of the printed lattices changed by over two orders of
magnitudewhen operatedwithin a temperature range of 30°C to 90°C. Similarly, Lei et al [51] also considered
the potential of a shapememory polymer as a 4Dprintingmaterial for reversible change in the stiffness,
geometry, and functions of theirmetamaterial constructs. In this particular case, they designed a 4D cylindrical
shell where the control of themoduli, Poisson’s ratios, and fracture strains of the structure can be programmed
and reprogrammed to realise complex shape changes. Clearly, this research using shapememory polymers
opens up the potential for geometrically reconfigurable and functionally deployablemechanicalmetamaterials;
it will nowbe interesting to see if 4D printing can also realise reconfigurable electrodynamic and acoustic
metamaterials.

These examples illustrate the potential of novel design andmaterial strategies in the development of
metamaterials for the future.However, somemetamaterial designs do not readily lend themselves to this
methodology since the scale at which they operate is beyond the resolution of current 3Dprinters. The authors
accept these limits are constantly being revised but fundamental there is a lowermanufacturing limit beyond
whichmetamaterials will not reside.

3.3. 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 amongmultifunctionalmetamaterials.
Whilst the discussed application space is broad, there are notmany physical examples ofmultifunctional
metamaterials applied to solve problems as of yet. Future research intometamaterials 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 EMmetamaterials is thefield of 5G communication. Naqvi et al [58] showed,
through simulation, a 95%–100%absorption of EMwaves from20 to 60 GHz (the range at which 5Goperates)
at a range of incidence angles. A symmetric, novel G-shape absorber is used that absorbs Ku, K-, Ka-,Q- andU-
bands. Another area where EMmetamaterials show great promise is inflexible electronics. Awearable,
metamaterial antenna designed and simulated byAli et al [59] shows greater than 69% radiation efficiencywhen
placed on an simulated human arm.With reasonable gain (6.29 dB) across a 74MHz band gap centred around
2.42 GHz themetamaterial opens up a large number of opportunities for electronics to integrate with biological
systems in amore functional and less invasivemanner.

A promising avenue for acousticmetamaterials is energy harvesting.Wang et al [60]present an excellent
example of a simple, diaphragm-based acousticmetamaterial that is able to output up to 70mVat a resonant
frequency (318Hz). This translates to a 0.073 1μWmaximumpower output.Whilst not a large power output,
when arranged in tandemand larger transducers are used, low-frequency energy absorptionwould be a viable
avenue ofmetamaterial 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
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to produce 0.346μWof 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 ofmechanicalmetamaterials is laid out by
La Salandra et al [62]. Drawing on inspiration fromphononic lattice structures for low-frequency vibration
attenuation, a 3D structured optimized foundationmade of concrete and rubber. Results show that acceleration
of the tank can be halvedwith a ‘smart foundation’ at key frequencies. A second application area formechanical
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 alpoint towards artificial intelligence as themain future tool for capturing the design space and
honing in on an optimized solution.

Lattice structures are extremely promisingwhen considering the broad range of issues found in
multifunctional compositemetamaterials. Themanufacturing techniques available (3Dprinting and
stereolithography-based techniques) enable prototypes and experimental coupons to be easilymanufactured.
Multimedia 3Dprinting and 4Dprinting adds extra levels of functionality and (if required) bandwidth to
combat single-use and adaptivemulti-usemetamaterials.

Additionally, lattice structures are found in all three areas ofmultifunctionalmetamaterials
(electrodynamic, acoustic andmechanical).Whilst not pursued at the present time, a 3Dmultimedia lattice
capable of influencing all three types of waveswould be a structure worth developing.

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