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 Micro-/Nanostructured Mechanical Metamaterials  
 Mechanical properties of materials have long been one of the most funda-
mental and studied areas of materials science for a myriad of applications. 
Recently, mechanical metamaterials have been shown to possess extraordi-
nary effective properties, such as negative dynamic modulus and/or density, 
phononic bandgaps, superior thermoelectric properties, and high specifi c 
energy absorption. To obtain such materials on appropriate length scales to 
enable novel mechanical devices, it is often necessary to effectively design 
and fabricate micro-/nano- structured materials. In this Review, various 
aspects of the micro-/nano-structured materials as mechanical metama-
terials, potential tools for their multidimensional fabrication, and selected 
methods for their structural and performance characterization are described, 
as well as some prospects for the future developments in this exciting and 
emerging fi eld. 
  1. Introduction 

 A large part of the study of materials science is the manipu-
lation of structure - property relationships. This pursuit, from 
its earliest origins has involved both manipulation of the large 
and small material features–architects whittled away unneces-
sary building material from beams while artisans melted and 
formed microcrystalline silica into optically transparent win-
dows. These humble beginnings illustrate the dichotomy that 
is “top-down” versus “bottom-up” materials design. As time 
passes, the degree of control and understanding over “bottom-
up” materials processing has greatly progressed. For example, 
ancient blacksmiths knew that specifi cally forged steel, such as 
Damascus steel, [  1  ]  could perform better in strength and sharp-
ness, and their hidden secret was nothing more than processing 
to produce highly anisotropic microstructures. [  2  ]  Currently, such 
crystalline domains in metals are manipulated by much more 
advanced processing techniques enabling large defect-free cen-
timeter single crystals to nanometer crystalline grain structures, 
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with size optimized for materials proper-
ties such as strength and toughness. [  3  ]  
These advances in processing, however, 
still result in a relatively stochastic mate-
rial due to the interplay between kinetics 
of the process and the equilibrium ther-
modynamics of each of the many possible 
material structures. On the other hand, 
rationally designed composite structures at 
the macro-scale [  4,5  ]  have played a vital role 
in architecture, electronics, and vehicles as 
high-performance structural materials and 
their physical properties have been the 
subject of considerable theoretical study 
and optimization. [  6,7  ] The recent strides in 
“top-down” deliberate structuring of mate-
rials into hierarchically organized entities 
attempts to extend and improve the con-
trol of structure-property relationships. 
More specifi cally, the evolution of metamaterials made from 
micro-/nano-structured materials (MNSM) seeks to develop 
entirely new, or greatly enhanced material behaviors by rational 
design. 

 The concept of metamaterials was fi rst introduced in the 
fi eld of electromagnetic (EM) materials. [  8–10  ]  Here it came to 
mean a material whose effective properties arose not from 
the bulk behavior of the materials which composed it, but 
more from their deliberate structuring. Therefore, metama-
terials sit at the intersection of two classical categories, mate-
rials and devices. Our defi nition of metamaterials in this 
review is somewhat broader than what conventionally defi ned 
as it includes all MNSMs regardless of a relative scale ratio 
between the characteristic structural length and the wave-
lengths of EM or mechanical waves. In the conventional (nar-
rower) defi nition of metamaterials, the characteristic length 
scale of their structures is one or more orders smaller than 
the wavelengths. Therefore the metamaterials structure 
can be considered as a homogeneous effective medium. An 
illustrative example is the contrast between a silicon ingot, 
a photonic crystal, and a microprocessor ( Figure    1  ). In the 
case of the single crystal Si ingot, the materials properties are 
determined completely by the behavior of the silicon atoms 
and their space group. The silicon microprocessor is a device 
whose functionalities arise from the combination of extremely 
organized circuitry, applied fi elds and multi-material devices 
along with precise addition of dopant atoms. The photonic 
crystal is still chemically pure silicon, however, its woodpile-
like artifi cial geometry leads to dramatic alteration of the EM-
wave propagation through the structure. In this way the work 
of the artisan has met that of the architect in creating a mate-
rial whose deliberate structuring leads to effective properties 
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     Figure  1 .     Concept of metamaterials. Images courtesy of ref.  [  12  ] .  
of unprecedented nature; more precisely, EM waves of a spe-
cifi c band of frequencies are 100% refl ected from the other-
wise transparent silicon structure. These optical metamate-
rials have been utilized to manipulate light in counterintui-
tive, fantastical ways: slowing the speed of light, reversing its 
refraction, and creating arbitrary paths to distort or cloak an 
object. [  11  ]   

 The metamaterial concept has recently been extended to 
many other material properties, including materials to achieve 
novel  mechanical  behaviors. Various applications include for 
example, phononic crystals, acoustic metamaterials, and aux-
etic materials.  Figure    2   shows two different structures made 
of carbon: one is a carbon foam and the other is a carbon 
MNSM. From the material-centric standpoint, both are low 
density cellular or porous materials. Traditionally, cellular 
materials have been used in a variety of light-weight struc-
tural material applications. Generally conventional cellular 
materials are produced by stochastic processes and thus, their 
structural parameters including cell topology, cell size, and a 
ligament size are given by a statistical average. [  13,14  ]  Since the 
last decade, the advance of designer MNSM has allowed for 
the reduction of cell size down to the nano-scale and for the 
ordered arrangement of the cell positions and choice of the 
structural symmetry. As demonstrated in Figure  2 b, MNSMs 
distinguish themselves by more precise and rational designed 
geometries and compositions, often with a signifi cantly 
smaller feature size, which will eventually enable unprec-
edented material behaviors deviating from the extrapolated 
expectation of conventional knowledge.  

 Compared to conventional irregular foams, the mechan-
ical properties of the MNSMs are more predictable by use of 
numerical simulations due to their well ordered geometries. 
However, in actuality, the scalability is limited by the actual 
mechanical responses of the MNSM because the response 
depends not only on the geometrical structure, but also on the 
complex interactions of the geometrical structure with constit-
uent materials, their interfaces and, in the case of mechanical 
deformations, the length scales of the attendant plastic proc-
esses relative to the length scales in the structured material. 
At the macro-scale, the only factor limiting the scalability is 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 4782–4810
gravity (i.e. the ability for the structure to support itself). As 
the feature size of a structure becomes smaller, other fac-
tors become relevant: (1) Internal structures - At large length 
scale, the internal structure of the constituent materials such 
as crystal domains and defects are averaged into a hypothet-
ical effective material. As the scale of a geometrical structure 
approaches that of the internal structures of the constituent 
4783wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  2 .     SEM images of cellular carbon structures. (a) A vitreous carbon 
foam of randomly distributed open cells for thermal management. Repro-
duced with permission. [  15  ]  Copyright 2002 Pergamon. (b) A carbon MNSM 
created by carbonization of a polymer template in our lab for energy 
absorption. Note that the MNSM possesses a face-centered-cubic-like 
structure and a 1500 ×  smaller feature size than the carbon foam.  

     Figure  3 .     True strain distributions in a 2D frame from the same 
external displacement depending on loading in the (a) [10] and (b) [11] 
directions.  
materials, effective material properties cannot be applied and 
the actual mechanical characteristics strongly depend on the 
local interactions between the geometrical structures and the 
internal structures. (2) Specifi c surface area - the surface area 
per unit volume of a periodic structure increases as its perio-
dicity decreases, while the surface area per unit cell remains 
same. Consequently, surface phenomena which are negligible 
at the macro-scale may play an important role. (3) Stimuli–due 
to the wave-like nature of some stimuli such as elastic and EM 
waves, the material properties arising from the interaction 
with such stimuli cannot be scalable as both the stimulus and 
the material structure posses a characteristic size. 
4 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
 Another important aspect of MNSM is the ability to design 
for structural anisotropy. Many natural structural materials are 
highly mechanically anisotropic, for instance, the shell of an aba-
lone, [  16  ]  the exoskeleton of a lobster, [  17  ]  and human bones. [  18,19  ]  
As a result, bone, for example, can exhibit nearly 20 times 
higher elastic modulus and tensile strength along the axial 
direction compared to the transverse direction. Thus, structural 
anisotropy as in the ancient Damascus steel blades can be an 
essential factor in the improvement of mechanical performance 
without a change in chemical composition or weight. Modern 
structures of MNSMs can now of course be much more exactly 
controlled.  Figure    3   shows simulated strain distributions of a 
2D square lattice depending on the direction of loading. Due 
to structural anisotropy, for the same external displacements, a 
much broader local strain distribution is observed for loading 
along the [11] direction than along the [10]. Moreover, as seen 
in Figure  3 b, a designed structural anisotropy can guide the 
loading into certain directions/features. Thus, one can expect 
MNSMs could be designed to create complex stress-strain paths 
to protect a certain internal volume by using more sophisticated 
control of the structural anisotropy.  

 Compared to interactions between light and matter in EM-
metamaterials, which are mostly linear and well described by 
vectorial equations, mechanical interactions in MNSMs are 
frequently associated with parameters that generally require 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 4782–4810
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     Figure  4 .     Young’s modulus for families of cubic symmetry structures based on air-spheres (red line), connected-rod models (yellow line), and level set 
structures (green line) as a function of solid volume fraction. The results are normalized with respect to the Young’s modulus  E  S  of the solid material 
that forms the periodic structure. Solid lines and dashed lines correspond to the Young’s modulus along the  < 100 >  and  < 111 >  directions, respectively. 
Solid black lines given by  Equation (1)  for open-cell foams. Reproduced with permission. [  22  ]   
tensorial equations. The complexity arising from the coupled 
interactions is a great challenge in design, fabrication, and 
analysis; however it allows one to develop unprecedented mul-
tifunctional mechanical materials. In this review, we intend to 
provide some background, insights and future directions into 
various mechanical aspects of the MNSMs with their potential 
fabrication methods and structural and performance characteri-
zation techniques.  

  2. Characteristics of the MNSMs 

 This section reviews several relevant mechanical characteristics 
of MNSMs and makes the distinction between linear and non-
linear effects. 

  2.1. Static Modulus and Density 

 We now discuss the static modulus and density of MNSMs, cor-
responding to strain rates where the materials properties do not 
deviate signifi cantly from their asymptotic limit as the strain 
rate goes to zero. The dynamic modulus and density will be 
discussed in the acoustic/phononic section. The static modulus 
of conventional cellular materials as a function of density has 
been extensively studied. [  13–14  ,  20–21  ]  The relative Young’s mod-
ulus ( E / E  S ) as a function of relative density is given by [  20  ] 

 E/ES ∼ (ρ/ρS)2 (open cell)  (1)   

 E/ES ∼ (ρ/ρS)3 (closed cell)   (2)   

where,  E  S  and  ρ  S are the Young’s modulus and the density of 
the solid material. 

 These approximate equations have no dependence on either 
the length-scale or the specifi c symmetry of the structure. 
For MNSM both these additional considerations are critically 
important for determination of the overall anisotropic mate-
rials properties. Maldovan  et al.  calculated density-dependent 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 4782–4810
modulus for several representative cases including the three 
cubic structures: simple cubic (s.c.,  Pm3̄m    space group), 
body-centered-cubic (b.c.c.,  Im3̄m    space group), and face-cen-
tered cubic (f.c.c,  Fm3̄m   space group), as shown in  Figure    4  . [  22  ]  
Three types of models were studied: air-spheres, rod-connected 
models and level set structures [  23  ]  The s.c. and b.c.c. struc-
tures are made of 6 and 4-connected nodes respectively, while 
the f.c.c. case has two types of nodes–4-connected tetrahedral 
and 8-connected octahedral nodes. The normalized Young’s 
modulus, shows structural anisotropy between the  < 100 >  and 
 < 111 >  directions, especially for the s.c. and b.c.c. structures. 
Even within the same class of lattices, the difference among 
the three kinds of structures is largest for the  < 111 >  direction. 
Indeed, the general scaling behavior of modulus to density for 
open-cell materials is not adequate for the MNSMs. Moreover, 
consistent with these theoretical predictions, experimentally 
fabricated epoxy MNSMs by Lee  et al.  with f.c.c symmetry 
showed a scaling exponent of 1.26 rather than the predicted 2.0 
for the  < 111 >  direction in spite of its open and cubic symmetry 
cell geometry. [  24  ]  A smaller scaling exponent indicates less loss 
in elastic modulus for decreased relative density. Structural 
anisotropy is responsible for this discrepancy and this aspect 
should be emphasized in the design of non-conventional cel-
lular materials by use of MNSMs. The anisotropy degree can 
also be well tailored and tuned by the beam/strut diameter 
ratio in MNSMs at a given density. [  25  ]   

 Extremely low density materials are an interesting class 
of materials as they can have very limited heat conduction 
paths due to their thin ligaments and necks as well as high 
specifi c surface area. However, a common challenge of such 
low density materials like aerogels is that their scaling expo-
nent ranges from 3 to 4, larger than for closed-cell structures 
in  Equation (2) . Consequently these structures are very fragile 
and can bear only very small loads compared to conventional 
foams. Numerical simulations suggest that the high scaling 
exponent is largely due to the reduction in the connectivity 
of the material with decreasing density and not due to dan-
gling (unconnected) mass which causes increase of density 
4785wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  5 .     Images of two as-fabricated hollow tubular frames along with illustration of the 
relevant architectural elements. Reproduced with permission. [  27  ]  Copyright 2011 Science.  
without contribution to structural deformation. [  26  ]  Therefore, 
the open-cell model, which predicts a scaling exponent of 2, 
may be valid only when the connectivity remains unchanged 
upon variation of the density. Recently Schaedler  et al.  demon-
strated a frame comprised of hollow struts (see  Figure    5  ) that 
follows the scaling law in  Equation (2)  even though its density 
is as low as 9  ×  10  − 4  g/cm 3 . [  27  ]  The improvement in mechanical 
strength over the previous low density materials, is achieved by 
well-controlled dimensions and periodicity of the architecture. 
From such macroscopic (mm scale) demonstrations, we can 
expect similar approaches would be possible using MNSMs to 
achieve extremely low density with good mechanical strength 
simultaneously.   

  2.2. Specifi c Energy Absorption 

 Cellular materials made of polymers, metals and ceramics 
have been used as structural materials due to their superior 
mechanical strength, stiffness and energy absorption over cor-
responding solid materials, [  13  ,  28,29  ]  and have also been proposed 
for multifunctional materials for an air-breathing hypersonic 
vehicle to provide both a light-weight and structurally strong 
frame with an effi cient heat exchanger. [  30  ]  In this section, we 
discuss the possibility of MNSMs for enhancing the energy 
absorption per unit weight, or specifi c energy absorption (SEA). 
Compared to conventional cellular materials, MNSM can be 
fabricated to possess a geometry, feature size, and asymmetry 
to maximize plastic deformation and fractures, an essen-
tial aspect when very stringent limitations in overall material 
thickness (areal density) is required. Wang  et al.  numerically 
assessed plastic deformation of the MNSM with various mod-
eled structural parameters and showed how the optimization 
of the studied parameters can maximize energy absorption. [  25  ]  
Subsequently Lee  et al.  experimentally demonstrated how 
manipulation of the structural design can help to create better 
energy absorbing materials. [  24  ]  In this study, it was shown that 
an epoxy MNSM has a more concentrated stress distribution 
when its volume fraction is low, and that this distribution leads 
to shear deformation at the struts of the MNSM where the 
stress concentration is highest ( Figure    6  ). Thus, a 25% increase 
in SEA is experimentally achieved by reducing the density 
by 20%.  
86 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wei
 Interpenetrating phase composites 
(IPCs) [  31  ]  are topologically equivalent to an 
open-cell structure whose air space is substi-
tuted with a second material, leading to physi-
cally interlocked phases as demonstrated at 
the macro-scale. [  32  ]  Although most examples 
to date of MNSMs have a single solid phase, 
two or more phase MNSMs are also possible 
to create, resulting in periodic bi- or multi-
composites. Various combinations of different 
materials can be imagined such as polymer-
ceramic and metal-ceramic systems. Inspired 
by nanomechanical heterogeneity that is used 
to enhance energy dissipation in natural 
structures, [  33  ]  the combination of hard and 
soft materials is expected to improve the SEA 
signifi cantly. For example, a brittle carbon MNSM fabricated by 
carbonization [  34,35  ]  of an photoresist becomes a bicontinuous 
MNSM composite if its air phase is appropriately infi ltrated by 
chemical vapor deposition [  36  ]  or by infusion of a molten mate-
rial such as polymer [  37  ]  or aluminum. In a MNSM solid/solid bi-
composite, stress transfer and strain matching between the dif-
ferent phases are expected and this can lead to an increase in the 
observed failure strain by both limiting crack propagation and 
redistributing the local stress. Furthermore, when the MNSM 
does fail, more mechanical energy can be dissipated by enabling 
a multi tude of cracking events. These highly engineered MNSM 
composites may be useful for shielding layers in soldier protec-
tion, space applications and hypersonic aircraft where stringent 
limitations in material thickness and weight are present. 

 It is well known that the grain size plays an important role 
in metals; the most notable example being the Hall-Petch 
relationship which describes the increase of mechanical yield 
strength (or hardness) with decreasing mean grain size. [  38,39  ]  
This refl ects how the increased density of grain boundaries 
impede dislocation activity until the emergence of glass-like 
shear banding at grain sizes below 20 nm. [  40  ]  The effects from 
the material’s internal structure should thus be considered for 
the prediction of the behavior of MNSMs. Depending on fabri-
cation and processing conditions, the large internal surfaces of 
the MNSMs can act as artifi cially introduced grain boundaries; 
thus higher SEA capability is expected by reducing the perio-
dicity and feature size of MNSMs.  

  2.3. Acoustic/Phononic Metamaterials 

 The engineering of the propagation behavior of mechanical 
waves, including acoustic waves, has been extensively studied 
in the fi elds of sound and vibration control and is currently 
employed in a broad range of applications; for example, sophis-
ticated sound engineering structures found in auditoriums, 
medical imaging devices using ultrasonic waves, and subma-
rine hull design. As most materials used for the engineering 
of sound dissipate and refl ect the incident waves over a broad 
range of frequencies, they are optically analogous to black and 
white surfaces respectively. Next we discuss how materials can 
be engineered to give a specifi c chromatic response to mechan-
ical waves without dissipating their energy. 
nheim Adv. Mater. 2012, 24, 4782–4810
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     Figure  6 .     Theoretical von Mises stress distributions of MNSMs for three different values of the volume fraction (a) 0.75, (b) 0.65, and (c) 0.50, respec-
tively. All samples are loaded with the same compressive stress along the [111] direction. The level of stress is normalized to that of the 100% solid. 
(d) The standard deviation of the local stresses within a single unit cell as a function of the volume fraction represents the degree of concentration of 
the stress (red circles). The three deviations corresponding to the stress maps in (a–c) are marked with the same fi gure letters. (e) A cross-sectional 
SEM image (52 °  tilt) of a focused ion beam milled MNSM after plastic compressive loading shown along with magnifi ed images of three selected 
regions at increasing sample plasticity. Reproduced with permission. [  24  ]  Copyright 2010 American Chemical Society.  
 Mechanical waves create a temporal change of the local den-
sity of a material and include (the scalar) acoustic wave in fl uids 
and (the 3D vector) elastic wave in solids. In contrast to the two 
polarizations of an EM wave, the mechanical wave cannot prop-
agate in vacuum and has three polarizations within a solid. In a 
homogeneous, isotropic solid medium, the propagating waves 
consist of one longitudinal mode and two transverse modes 
and the speeds of sound for transverse and longitudinal elastic 
plane waves,  c  T  and  c  L  are given by the relations:

 
cT =

√
μ

ρ
, cL =

√
λ + 2μ

ρ   
(3)

   

where   ρ   is the density, and   λ   and   μ   are the Lamé coeffi cients, 
which are related to Young’s modulus ( E ) and Poisson’s ratio ( ν ) 
of the solid by the following equations:
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 4782–4810
 
λ = Eν

(1 + ν) (1 − 2ν)
, μ = E

2 (1 + ν)   
(4)   

 

 Note that the transverse and longitudinal plane waves are 
independent of each other and the longitudinal wave is always 
faster. 

 A wave propagating through the set of interfaces between 
two different materials in a bi-composite is refl ected or trans-
mitted at the interfaces between two materials having different 
mechanical impedance given by:

 Z = ρc = √
ρ(λ + 2μ)   (5)   

where  c  is a speed of sound (either  c  T  or  c  L ). Refl ectance ( R ) and 
transmittance ( T ) for a normal incidence wave at the interface 
of two lossless materials having impedances of  Z  1  and  Z  2  are 
determined by the equations:
4787wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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R = 4Z1 Z2

(Z1 + Z2)2 = 4Z1/Z2

(Z1/Z2 + 1)2
  

(6)   

 
T = (Z1 − Z2)2

(Z1 + Z2)2 = (Z1/Z2 − 1)2

(Z1/Z2 + 1)2
  

(7)   

where  R   +   T   =  1, implying energy conservation. The refl ect-
ance and transmittance are independent of the frequency of 
the mechanical wave for homogeneous materials. Moreover, by 
choosing a fl uid and a solid as the two media, the impedance 
ratio  Z  1 / Z  2  can be either very small or very large, thus refl ect-
ance approaches zero or unity depending on which material the 
wave is propagating from. 

 Mechanical waves propagating through an inhomogeneous 
medium experience spatially varying mechanical properties 
and thus undergo multiple refl ection events. If the variation 
of mechanical properties is periodic, systematic interference 
between the transmitted and the refl ected waves occurs and, as 
a result, changes the propagation behavior of the mechanical 
wave depend on its frequency relative to the structural perio-
dicities. Because all mechanical waves can be represented by 
eigenmodes of vibration (phonons) and periodic impedance 
media can alter the density of states for the phonons, such peri-
odic structures are often called  phononic crystals . The dispersion 
relation,  ω   =   ω ( k ) for the phononic crystal can be obtained by 
numerically solving the elastic wave equation,

 

ρ
∂2ui

∂t2
= ∇ · ρc2

T∇ui

)
+ ∇ ·

(
ρc2

T

∂u
∂ x i

)

+
∂

∂xi
ρc2

L −2ρc2
T

) ∇ · u
]

  

(8)

   
 

 The vector displacement fi eld ( u ) is given by the Bloch wave,

 uk(r, t) = Re[fk(r)ei (k·r−ω(k)t)]   (9)   

where  r  and  k  are position and wave vectors and  f   k  ( r ) is a vector 
function correlating with the periodically varying impedance, 
which is invariant under any translation given by a lattice vector  R :
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag

     Figure  7 .     (a) A 2D phononic crystal made of a hexagonally perforated silic
the phononic crystal displaying a bandgap centered at  ∼ 130 MHz. Reprod
 f k(r) = fk(r + R)   (10)    

 In contrast to wave propagation through a homogeneous 
medium, a propagating wave within a phononic crystal is gen-
erally neither purely transverse nor purely longitudinal. A more 
detailed description can be found elsewhere. [  41  ]  

 The degree of modifi cation of the phonon dispersion by the 
spatially varying mechanical properties (impedance) is propor-
tional to the  Z  contrast. Since this can be quite high (especially 
between solid and air), signifi cant effects are expected with a 
small repeat-number of unit cells of phononic crystals, unlike 
the case of photonic crystals where the refractive index contrast 
is much lower and the number of unit cells necessary for sig-
nifi cant infl uence is correspondingly larger. Of interest to the 
design of MNSM, hypersonic mechanical waves are those with 
wavelengths less than 10  μ m, which correspond to frequen-
cies higher than 100 MHz. The hypersonic phonons are rel-
evant to important physical phenomena such as spontaneous 
photon emission in intrinsic silicon. Greater control over the 
phonons in silicon could lead to more effi cient light emitting 
devices. [  42  ]  Moreover, as the hypersonic phonons are related to 
random thermal motion of atoms, phonon contribution in heat 
conduction could be altered. [  43  ]  A phononic bandgap, a range 
of energies (or frequencies) for which there are no propagating 
phonons is shown in  Figure    7  . [  44  ]  The transmission of mechan-
ical waves through the phononic crystal slab shows a strong 
frequency dependence and transmission is signifi cantly lower 
over a certain range of frequencies (120  ∼  150 MHz) due to the 
phononic bandgap or, more generally, the frequency dependent 
impedance of the phononic crystal.  

 The phonon dispersion relation,  ω ( k ) can be measured 
by angle-dependent inelastic light scattering.  Figure    8   shows 
the experimentally measured dispersion of a 2D phononic 
crystal comprised of a square lattice of air hole cylinders in an 
epoxy matrix on a glass substrate using Brillouin light scat-
tering (BLS), [  45  ]  which will be discussed later in detail. In this 
study, the dispersion curve of phonons was strongly bent near 
the fi rst Brillouin zone and a phononic bandgap is opened 
around 1.4 GHz (Figure  8 c). In 3D phononic crystals made of 
 GmbH & Co. KGaA, Weinheim

on slab (a) top view (b) cross sectional view (c) Transmission spectrum of 
uced with permission. [  44  ]  Copyright 2008 American Institute of Physics.  
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     Figure  8 .     (a) SEM image of a cross section of the 2D square air cylinder crystal. The lattice constant was 750 nm and the radius of the holes was 
250 nm resulting in 35% air volume fraction. (b) BLS spectrum taken at  k   =  4.1  μ m  − 1  that corresponds to the edge of the fi rst Brillouin zone along the 
[10] direction. It can be seen that in this case two modes are present: (1) and (2). (d) Phononic dispersion relation along the [10] direction showing a 
partial bandgap between 1.21 and 1.57 GHz (in gray). Reproduced with permission. [  45  ]  Copyright 2007 American Institute of Physics.  
self-assembled silica microspheres, partial phononic bandgaps 
have been demonstrated at  ∼ 5 GHz. [  43  ]  Further, unusually fl at 
phononic band behavior due to coherent multiple scattering 
effect interactions rather than localized single-particle reso-
nance was found in these systems. [  46  ]   

 Interesting physical phenomena also occur at sonic and 
ultrasonic frequencies. Elastic constants of materials should 
be positive in static stress, however  negative  elastic constants 
for time-varying stresses have been demonstrated. This phe-
nomena can be qualitatively understood by the out-of-phase 
relation between time-varying stress and corresponding strain 
and resultant refl ection of propagating waves even though the 
materials are effectively considered as a homogeneous medium 
due to the several order of magnitude difference between the 
wavelength of the propagating wave and the scale of the local 
structure. [  47  ]  For example, materials consisting of individual 
resonators made of high-density metal cores implanted in 
uniform elastically soft matrixes fi rst demonstrated a negative 
elastic constant at frequencies,  f   <  1, 000 Hz for elastic waves 
in solid. [  48  ]  An array of Helmholtz resonators with designed 
acoustic inductance and capacitance also showed dynamic 
negative modulus at higher frequencies (near 30 kHz), in a 
fl uid. [  49  ]  Theoretical works showed that such mechanical met-
amaterials can simultaneously exhibit both negative density 
and negative bulk modulus and therefore negative refractive 
indices for acoustic waves are possible. [  50–53  ]  It is important to 
note, however, that the detailed structural designs necessary for 
these negative index materials are quite exotic, often featuring 
fl oating gas or liquid domains within the solid structure. Nega-
tive index may also be obtained by manipulating the band struc-
ture as in the phononic crystals discussed above. In this way, 
focusing ultrasound waves using a fl at mechanical metamate-
rial lens has experimentally demonstrated negative refractive 
index effects. [  54  ]  Furthermore, organized acoustic inductor and 
capacitor structures were utilized to demonstrate an acoustic 
cloak for underwater ultrasound waves [  55  ]  ( Figure    9  ). Interest-
ingly, compared to the rather narrow range of cloaking frequen-
cies reported for EM cloaks, [  56  ]  the acoustic cloak demonstrated 
a broad range of frequencies over  Δ  f / f  C   ∼  20% at 52 to 64 kHz, 
where  Δ  f  and  f  C  are the range of cloaking frequencies and the 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 4782–4810
center frequency of the range. More recently, Stenger  et al.  also 
achieved broad working frequencies of over 100% at audible 
frequencies (200  ∼  400 Hz) using a structure made of 2D com-
posite of hard and soft polymers. [  57  ]  In this study, much as with 
the negative lensing discussed above, the broad range acoustic 
cloaking was possible by structures consisting of non-resonant 
elements through dispersion manipulation.    

 2.4. Heat Transport 

 Heat conduction by phonons is the dominant mode of thermal 
transport in non-metallic solids; however for MNSM, thermal 
transport can be strongly modifi ed and/or radiative transfer 
may be induced. Engineering thermal conductivity by MNSMs 
is one strategy for improving the power generation of thermo-
electric devices. The thermoelectric fi gure-of-merit ( Z ) is related 
to the Seebeck coeffi cient ( S ), electrical conductivity ( σ ), and 
thermal conductivity ( k ) by the equation,

 
Z = S2σ

k   
(11)

    

 To achieve a large Z value for high effi ciency thermoelec-
tric devices, a low thermal conductivity, but high electrical 
conductivity and large Seebeck coeffi cient are desirable. Since 
high electrical conductivity is required to minimize Joule loss, 
reducing thermal conductivity is key. Multilayer superlattices, 
technically 1D MNSMs, have been proposed to reduce thermal 
conductivity by enhancing phonon scattering. [  58  ]  A number of 
other approaches to scatter phonons have also been investigated 
and recently reviewed. [  59–61  ]  Since the wavelengths of dominant 
phonons are on the order of nanometers, as seen in  Figure    10  , 
MNSMs using self-supporting 3D morphologies of block copol-
ymers (BCP) [  62,63  ]  can be a practical choice. The phase-separated 
BCP can be processed by crosslinking, etching, and substitution 
to remove one phase and to convert the other phase, while pre-
serving the nano-scale 3D periodic morphology. Similar tech-
niques have been adopted for design of optical materials. [  64,65  ]   

 In conventional far-fi eld radiative heat transfer, the radiative 
heat fl ux between two infi nite plates at different temperatures 
4789wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  9 .     Acoustic cloaking. (a) The confi guration of the acoustic cylindrical cloak. Measured pressure fi eld mappings of (b) the bare steel cylinder 
(note shadow region behind cylinder) and (c) the cloaked steel cylinder illuminated with a point ultrasound source at 60 kHz. Reproduced with permis-
sion. [  55  ]  Copyright 2011 American Physical Society.  
separated by a vacuum gap is given by the Stefan-Boltzmann 
law,   ξ (  T  4  1   −   T  2  4 ) where  T  1 ,  T  2 , are high and low temperatures of 
the two plates, and  ξ  is the Stefan-Boltzmann constant. The law 
is valid when a distance between the two plates is much greater 
than the dominant wavelength of thermal radiation given by 
Wien’s displacement law (see Figure  10 a), which is the usual 
situation. However, if the distance between plates is smaller 
than the dominant wavelength, the heat fl ux through near-
fi eld transfer surpasses that of the far-fi eld as demonstrated by 
both numerical calculations and experiments. [  66–68  ]  The plot in 
Figure  10 b in fact shows that the near-fi eld heat transfer is very 
effi cient for all sub-micron gaps. Thus, if we create a MNSM 
having a very limited thermal conduction, for example by using 
very thin connections between structural elements, its effective 
thermal conductivity is the combination of heat conduction and 
temperature-dependent near-fi eld radiation. This allows for the 
tuning of the overall temperature-dependent characteristics of 
heat transfer and can be applied to create a thermal rectifi er. [  69  ]  

 Metallic MNSMs (e.g. metallic photonic crystals) can also 
control far-fi eld thermal radiation characteristics by engi-
neering the intrinsic absorption of metals. [  70  ]  Generally metals 
are a poor thermal emitter; however, their emissivity can be dra-
matically enhanced at a specifi c range of wavelengths by intro-
ducing MNSMs which work like artifi cial atoms resonating 
0 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
at the specifi ed wavelengths. [  71,72  ]  A tungsten MNSM with a 
woodpile-like geometry ( Figure    11  ) emits thermal radiation at 
selected wavelengths when it is Joule-heated by passing current 
compared to the broad spectrum emitted from a fl at homoge-
neous tungsten fi lm. Besides spectral engineering, angular dis-
tribution [  73  ]  and polarization [  74–76  ]  of the thermal radiation can 
also be designed. Compared to the original fabrication approach 
using typical semiconductor processes, which are typically a 
layer-by-layer approach and thus, time consuming and expen-
sive, several alternative approaches using soft lithography [  77  ]  
and direct laser writing are promising. [  78  ]  These techniques will 
be discussed in detail below.  

 One of the important applications of MNSMs is a spectrum 
converter for thermophotovoltaic devices. While the typical 
blackbody radiation spectrum is very broad, photovoltaic devices 
that utilize semiconductors rely on a very narrow absorption 
spectrum given by the electron energy bandgap. Thus, a photon 
carrying energy less than the bandgap does not create an elec-
tron-hole pair and its energy dissipates without contribution 
to power generation. For energies greater than the bandgap, 
every photon creates a single electron-hole pair regardless of 
its energy, consequently the excess amount of energy exceeding 
the bandgap is also wasted by non-radiative processes. The 
energy loss from the spectral mismatch is the most signifi cant 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 4782–4810
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     Figure  10 .     (a) Dominant characteristic wavelengths for phonons, pho-
tons, and electrons depending on temperature. The phonon wavelength 
is estimated by  kB T/2 ∼ hv/λ   for two possible high and low speeds 
of sound ( v ) in solid, where  k B   is the Boltzmann constant and  h  is the 
Plank constant. Similar estimation curves for photons are plotted with 
 kB T/2 ∼ hc/λ    and Wien’s displacement law, where  c  is the speed of 
light in vacuum. (b) Radiative heat transfer as a function of gap distance 
between two infi nite SiC plates maintained at 300 and 0 K. The far-fi eld 
energy transfer between two blackbodies has also been shown for refer-
ence. Reproduced with permission. [  66  ]   

     Figure  11 .     (a) SEM image of a 3D tungsten photonic crystal. Within each 
layer, the one-dimensional rod width is 0.5 um and the rod-to-rod spacing 
is 1.5 um. (b) Thermal emission spectra taken at low and intermediate 
bias. Reproduced with permission. [  71  ]  Copyright 2003 Optical Society of 
America.  
reason limiting the effi ciency of photovoltaic devices when a 
broad radiation spectrum is used such as sunlight or IR radia-
tion from a waste heat source. Suppose a box made of metallic 
MNSMs and that this MNSM box has a small opening at one 
face. The sunlight can then be focused to the entrance and most 
radiation energy will be eventually absorbed within the box and 
elevate the temperature of the box. Because the surface of the 
MNSM box will emit thermal radiation at the elevated tempera-
ture through the selective wavelengths, the conversion of the 
broad spectrum to a narrow one can be accomplished. In addi-
tion, using metallic MNSMs, one can design a smart surface 
that can dissipate heat through tunable ranges of wavelengths 
and tunable angles with a specifi c polarization. This capability 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 4782–4810
is also potentially important in military and security applica-
tions. There are however certain technical diffi culties including 
structural stability of the materials at high temperature. Such 
diffi culties are expected to be solved by choosing proper mate-
rials. For instance, Nagpal  et al.  attempted an approach using a 
two-materials system: metal-coated carbon MNSMs to achieve 
both high temperature stability and an advantageous optical 
property. [  79  ]    

 2.5. Negative Poisson’s Ratio 

 Poisson’s ratio ( ν ) is the ratio of transverse strain to the axial 
strain. Counter-intuitively, materials having  negative   ν  or aux-
etics [  80  ]  expand in the unstressed direction under uniaxial 
stretching. Auxetic materials are known to exhibit enhanced 
mechanical characteristics not expected from their conventional 
4791wileyonlinelibrary.combH & Co. KGaA, Weinheim
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 counterparts. A well-known example is the shear modulus ( G ), 

which for a homogeneous isotropic material is given by a func-
tion of Young’s modulus and  ν :

 
G = E

2 (1 + ν)   
(12)

    

 For an auxetic material with  ν  approaching -1, the shear 
modulus diverges making indentation exceedingly diffi cult. 
This unique behavior of an auxetic material fl owing  into  the 
vicinity of the impact rather than fl owing away in the lateral 
direction [  81  ]  can be applied to improve protective materials or 
energy absorbing materials. [  82  ]  Furthermore, such auxetic mate-
rials can also be applied as a effi cient membrane fi lter with 
variable permeability, [  83,84  ]  fasteners, [  85,86  ]  shape memory mate-
rials, [  87  ]  and acoustic dampeners. [  88,89  ]  

 Small negative Poission’s ratios have been observed naturally 
in, for example, metals, [  90  ]  polymers, [  91,92  ]  and silica. [  93  ]  Besides 
these bulk materials, Lake  et al.  [  94,95  ]  produced artifi cial 3D aux-
etic materials from conventional low-density open-cell polymer 
foams by heating, then crushing the foam and cooling below the 
foam’s glass transition temperature ( T  g ) causing the ribs of each 
cell to permanently protrude inward. Subsequent external ten-
sion applied to vertical elements in the re-entrant foam structures 
caused the modifi ed cells to unfold and expand laterally. A Pois-
son’s ratio of -0.7 was observed at a small tensile strain (less than 
0.02), then gradually decreased, but remained negative up to a 
strain of 1.3. Even though an artifi cial auxetic material was dem-
onstrated with these macroscopic foams, similar phenomena can 
be expected in the micro- and nano-scale with improved perform-
ance due to the ability to rationally design a periodic material. 

 To date several methods have been tried to create auxetic 
materials in a well-controlled manner instead of the stochastic 
one; for example, Xu  et al.  used soft lithography to fabricate 
various 2D MNSMs to exhibit auxetic behaviors at the micron-
scale as shown in  Figure    12  . [  96,97  ]  These 2D MNSMs only show 
auxetic behavior for in-plane strains in a highly anisotropic 
fashion; however, they are still valuable for certain applications 
in microelectromechanical systems (MEMS). [  98  ]  As theory pre-
dicts, a large number of MNSMs can show auxetic behavior, [  99  ]  
it is quite likely that more 3D auxetic MNSMs will be demon-
strated with the advance of fabrication techniques and identi-
fi ed applications.  

 Even though many natural crystals have been identifi ed as 3D 
auxetic materials, [  90  ,  100,101  ]  it has been a challenge to design 3D 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

     Figure  12 .     SEM images of 2D auxetic MNSMs made from various ma
permission. [  96  ]   
auxetic MNSMs. Gaspar  et al.  tried to design a macroscale 3D 
model of a periodic structure made of tetragonal nodules inter-
connected by rod-shaped elements. [  102  ]  Pikhitsa  et al.  presented 
a model for the three-dimensional auxetic material, which deals 
with individual multipod constituents arranged in a lattice. 
The model was experimentally verifi ed with a macroscale ball-
and-stick construction. [  103  ]  In addition, certain truss structures 
inspired by cubic bulk auxetics that consist of a network of 
bending beams have been numerically shown to exhibit auxetic 
behavior for a specifi c crystalline direction. [  104  ]  Recently Bück-
mann  et al.  experimentally demonstrated 3D MNSMs having 
a uniaxial auxetic behavior at the micron-scale. [  105  ]  As seen in 
 Figure    13  a, unit cells of the structures designed by 4-fold rota-
tions of the 2D auxetic structures shown in Figure  12 b demon-
strate negative Poisson’s ratio  ν ∼ −0.12    up to a strain of 10%. 
By choosing different angles of tilted elements, values near zero 
and positive Poisson’s ratios are also possible.  

 It is often overlooked for auxetic properties that the actual 
effects have typically only been exhibited in the limit of small 
strains ( < 10%). Indeed, Figure  13 d and  13 e show the strain-
dependence of auxetic behavior. Since current examples of 
the auxetics only show the effect in the limit of small strains, 
persistency to large strain should be considered in design of 
MNSMs. Moreover, efforts to increase the maximum working 
strain and strain rate are valuable for certain applications such 
as mechanical energy absorbers. Further, at these larger, plastic 
strains, architectures that would not be expected to show aux-
etic behavior may demonstrate negative Poisson effects, such 
as has been shown in simulations of biomimetic hierarchical 
ordered composites. [  106  ]    

 2.6. Improving High Strain Rate (HSR) Mechanical Behavior 

 When materials undergo HSR deformation such as caused 
by blast or ballistic impacts, large nonlinearity and complex 
inelastic deformation mechanisms are present. Strain rates 
above 10 2  s  − 1  are classifi ed as high strain rates, strain rates 
above 10 4  s  − 1 , very high strain rates, and strain rates above 
10 6  s  − 1 , ultra high strain rates. HSR phenomena have been 
extensively studied in a broad range of polymers, [  107  ]  metals, [  108  ]  
and ceramics; [  109  ]  however, the HSR behavior of materials is 
still relatively poorly understood. Recently nanomaterials have 
been utilized as convenient model systems–for example, strain 
rate dependent deformation of nanowires, [  110,111  ]  HSR damage 
mbH & Co. KGaA, Weinheim
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     Figure  13 .     SEM images of MNSMs having (a) negative, (b) near zero, and (c) positive Poisson’s ratio. (d) Measured transverse strain curves of the 
three MNSMs as a function of longitudinal strain are plotted along with their initial slopes (red dashed lines). (e) Differential Poisson’s ratio as a func-
tion of longitudinal strain for the three MNSMs. The red dots are the initial Poisson’s ratio, which is a slope of the red dashed lines in (d). Reproduced 
with permission. [  105  ]   
mechanisms of multiwalled carbon nanotube, [  112,113  ]  and HSR 
deformation mechanisms of nacre’s aragonite plate. [  114  ]  As 
mentioned in the previous sections of this article, the various 
mechanical characteristics of MNSMs are primarily based on 
quasi-static deformation or vibration in the elastic regime; 
thus, HSR characteristics of MNSMs are virtually a new topic 
of materials science. Of course, for quasi-static deformation, 
all mass elements respond to the stress at equilibrium. As the 
strain rate becomes high, every mass element is not in equi-
librium because the internal stresses are not instantaneously 
transmitted, but rather do so at a fi nite speed. As a result, the 
response of a material at HSR tends to be determined by its 
local characteristics. Consequently, the fundamental under-
standing and rational design of materials at the micro- and 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 4782–4810
nano-scales is crucial in order to improve HSR performance. 
Since the structural scale of MNSMs can be suffi ciently small 
to exhibit the length scale dependent effects at HSR deforma-
tion, the assessment of the MNSMs at HSR is also important to 
exploit new physical phenomena. 

 The principle challenge for the study of HSR behavior is the 
lack of a versatile and effi cient set of test methods to investigate 
small-scale mechanical deformation and failure mechanisms 
at HSR and to high strains. One promising approach is micro-
scopic ballistic testing, since the sample size and the deforma-
tion volume can be signifi cantly reduced. The reduced defor-
mation volume is advantageous in both sample preparation and 
characterization. More than a half century ago, Shelton  et al.  
demonstrated a micro-ballistic test conducted under vacuum 
4793wileyonlinelibrary.combH & Co. KGaA, Weinheim
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 with small metallic particles by use of an electrostatic accelerator 

to reach velocities in the range of 1–3 km/s. [  115  ]  This approach 
has been developed to achieve higher velocities up to 80 km/s 
to simulate a micrometeoroid impact. [  116  ]  Another method is 
the laser-driven fl yer (LDF) technique, where high-speed, small 
objects can be launched by a pulsed laser to impact a target 
specimen. [  117,118  ]  In LDF, a metal thin fi lm (usually aluminum) 
is deposited on a transparent substrate, and a short (few ns) 
laser pulse is aimed at the thin fi lm. A high-pressure and high-
temperature plasma is created by a partial ablation of the thin 
fi lm and causes the spalled layer to accelerate, which results 
in an impactor fl ying away from the substrate at a velocity of 
a few km/s. Compared to electrostatic acceleration, LDF is a 
technically simpler method to create high speed projectiles, but 
the shape of the projectiles is irregular due to the method of 
their creation. Instead of direct ablation of the fl yer material, a 
fl yer can be deposited on a laser absorbing fi lm to be ablated in 
the laser induced forward transfer (LIFT) technique. Thus, the 
actual fl yer can be nearly undamaged even for thermally and 
mechanically sensitive materials. [  119  ]  This method, however, is 
as yet not currently applied for HSR experiments, but rather as 
a fabrication technique for functional 2D structures. [  120,121  ]  

 Recently we found that solid silica beads ( ∼ 3.7  μ m diameter) 
can be similarly accelerated to several km/s by use of a laser 
pulse and then impacted to a specimen to mimic a macroscopic 
ballistic test.  Figure    14   displays impact features of three dif-
ferent materials: a polycrystalline aluminum fi lm, a stochastic 
nano-composite (hollow silica beads/PMMA), and a periodic 
polymer/air MNSM. A valuable characterization method is 
cross-sectioning of an impact site using focused ion beam (FIB) 
milling. The back-scattered electron image of the deformed alu-
minum after ion-beam milling (Figure  14 d) reveals changes in 
grain shape as well as the appearance of shear bands in the target 
metallic material. There are also unique high strain rate features 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag

     Figure  14 .     Deformation features of various materials after impact in the 
PMMA composite (c) epoxy/air MNSM. Back scattered electron microgra
fi lm (e) hollow silica sphere/PMMA composite (f) epoxy/air MNSM.  
in the hollow silica beads/PMMA target sample (Figure  14 e). 
During the impact, the hollow silica bead/PMMA composite is 
densifi ed by sequential collapse events of the hollow spheres, 
which should lead to strong nonlinearity in the deformation 
and the potential for a new lightweight, high-performance pro-
tective material. In contrast, the epoxy/air MNSM (Figure  14 f) 
is substantially deformed in the lateral directions (evident by 
comparing the size of the crater to the sphere diameter) due 
to the ability of the framework to laterally distribute the stress 
through diagonal struts. This nonlocalization of impact damage 
will help to stop projectiles in shorter distances by engaging 
more material without increasing target thickness. Note the 
extreme deformation of the silica projectile in Figure  14 d, 
which suggests study of the deformation behavior of the various 
projectiles is also possible.    

 2.8. Smart Materials Using MNSMs 

 Since the characteristic behaviors of MNSM based devices arise 
from the physical geometries and materials parameters, it is 
interesting to address the dynamic mechanical parameters for 
actively tunable “smart” structures. Field responsive piezoelec-
tric and magnetostrictive materials, which undergo strain under 
applied electronic and magnetic fi elds, are one group of mate-
rials that have been investigated. In the kHz range, tuning of 
phononic bandgap of a 1D composite metal-piezo system has 
been studied. [  122,123  ]  It was shown that not only could the posi-
tions of existing stop-bands be tuned, but also new gaps could 
be introduced of a magnitude of  Δ  ω / ω   ≈  0.1. These results, 
however, required the application of piezo-excitation at frequen-
cies commensurate to the band position, which are increasingly 
diffi cult to achieve as MSNM devices are approached. Magneto-
strictive phononics has also been investigated theoretically for 
 GmbH & Co. KGaA, Weinheim
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2D phononic crystals. [  124  ]  In this study, a square array of fer-
romagnetic blocks in a polymer matrix were shown to have a 
tunable band structure under a static magnetic fi eld, both by 
widening ( ∼ 40% increase of the fi rst gap) and also by closing 
bandgaps for potential switching. Both of these fi eld tuning 
mechanisms, however, tend to have relatively weak coupling, 
requiring high fi elds for tuning. 

 Another potential mechanism for dynamic MNSM metama-
terials is use of a thermally induced phase change. During a 
transition between two phases, the mechanical properties can 
vary a great deal in both their magnitude, and also their anisot-
ropy (e.g. switching between two crystal states or, for example, 
from an anisotropic crystal to an isotropic liquid). Such phase 
changes have been investigated for phononic systems. Sato 
 et al.  studied a system of a hexagonal array of pores in ano-
dized aluminum oxide (AAO) fi lled with a polymer. [  125  ]  When 
the polymer was put through its glass transition (a drop of  ∼ 10 3  
in elastic modulus between the glassy and rubbery state), the 
impedance contrast between the holes and the matrix dramati-
cally increased, leading to altered dispersion in both the in-plane 
and out of plane modes. The thermal tuning of a ferroelectric 
phononic crystal by phase transformation has also been inves-
tigated. [  126,127  ]  In these theoretical studies ferroelectric blocks 
or disks in an epoxy matrix were predicted to show changes 
in their band widths (increase in main band by  ∼ 10-20%) and 
positions of higher bands with only moderate changes in tem-
perature. Indeed, the change in the upper band position of up 
to  ∼ 15% have been demonstrated experimentally. [  126  ]  

 The mechanisms detailed above are relatively subtle in their 
effect on selection of the overall geometrical shape of the struc-
ture. In contrast, polymeric gels can demonstrate large changes 
in both properties and sample dimensions. These systems 
are made from entangled or lightly crosslinked network poly-
electrolyte polymers which can be highly swollen by an appro-
priate solvent. From the standpoint of metamaterials, swelling 
changes not only the size of the material, but also the other 
properties, such as optical index, density and modulus. While 
the former two properties only change slightly by swelling, 
elastic modulus can be signifi cantly tuned over at least an order 
of magnitude. [  128  ]  This has already been successfully exploited 
to make tunable 1D photonic [  129  ]  and phononic crystals [  130  ]  by 
self-assembly and crosslinking of a diblock copolymer with a 
hydrogel block, allowing for tuning of the band properties by 
various stimuli (e.g., ionic strength, pH, and temperature). Gel 
patterning has also been applied to 2D and 3D phononics such 
as the design of stretchable IL 3D phononic structures [  131  ]  and 
organic swelling effects to enable phononic pattern transforma-
tion in 2D IL systems. [  132  ]  In contrast to the studies above where 
the band structure was changed by altering the mechanical 
constants, it is important to note that the gel tuning changed 
also the  symmetry  of the phononic crystal, which signifi cantly 
alters its anisotropy. For example, Jang  et al.  demonstrated the 
transformation of a p6mm, 2D epoxy structure to a lower sym-
metry, non-symmorphic, p2gg structure by substrate-confi ned 
swelling leading to stress-induced pattern instability. [  132  ]  This in 
turn forced avoiding mode crossings leading to the opening of a 
complete bandgap in a material which previously had only par-
tial gaps. Further, the change in properties was accomplished 
without either a large fi eld or a crystal phase transformation, 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 4782–4810
and with only  ∼  5% strain fi eld, illustrating the power of non-
affi ne transformations, such as pattern instabilities, to dramati-
cally affect band structure and wave behavior. This is especially 
the case for high symmetry lattices such as the p6mm, where 
even uniaxial deformation has been shown theoretically to have 
a large effect on the band structure. [  133  ]  Elastomer fabrication 
has also been utilized in non-phononic mechanical metamate-
rials made by 3D techniques in the form of microactuators from 
microprojection stereolithography [  134  ]  and 3D direct write. [  135,136  ]  
The only drawback of gel systems is that they require solvents, 
which can be undesirable for many applications. 

 One class of systems that has yet to be applied to MNSM, but 
shares some of the advantages of both the fi eld tunable and gel 
systems are liquid crystalline elastomeric polymers (LCP). LCPs 
containing azobenzene side chain liquid crystals have been 
demonstrated as effective light driven actuators. [  137–141  ]  These 
materials go through a molecular level version of bimetallic 
strip bending due to either UV-induced structural shift in the 
LC group [  140,141  ]  or reorientation of the group to the polarization 
of blue-green light. [  137–139  ]  In the former case, a second exposure 
by visible light is required to reverse the transformation, while 
the latter can occur so rapidly as to drive oscillations. [  137  ]  Either 
of these mechanisms could have interesting effects if applied to 
MNSM mechanical metamaterials, however, there may be some 
scaling considerations due to the surface strain-induced effect.    

 3. Fabrication 

 Many demonstrations of the MNSMs have utilized macroscale 
fabrication techniques such as machining or other “handmade” 
techniques; [  48,49  ,  54,55  ,  142,143  ]  however, for the development of 
many devices it is necessary to utilize micro or nanofabrication 
techniques. It is important to note that many structures that 
have been fabricated to investigate other physical effects could 
have applications as mechanical metamaterials, but have just 
not yet been analyzed. An obvious example is photonic crystal 
structures, which, without exception due to the higher-mechan-
ical-than-optical contrast of most materials, could also be uti-
lized for phononics. For this reason, it is important to consider 
fabrication techniques that have not yet been directly applied to 
the MNSMs, especially in 3D fabrication, where the varieties of 
possible techniques are rapidly increasing. 

 In transitioning a technique from one application area to 
another, one needs to consider what materials parameters and 
tolerances are present. For example, complementary metal-
oxide-semiconductor (CMOS) devices require a high degree of 
control in both the purity and the roughness of the fabricated 
devices to attain the required function. The same can be said 
for photonic systems, where the greatest possible index con-
trast exists within an order of magnitude from vacuum, making 
composition critical at times, and roughness can lead to radia-
tive losses. While the same can be said in the latter case for 
phononic crystals, the massive contrast between for example, a 
metal ( Z   ∼  10 6  kg · s/m 2 ) and air ( Z   ∼  4  ×  10 2  kg · s/m 2 ) leads to a 
relatively high tolerance to variations in composition or relative 
porosity. Further, in the case of more classical mechanical meta-
materials, such as auxetics, roughness and even relative posi-
tioning is relatively unimportant, as long as the connectivity 
4795wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  15 .     Layer-by-layer fabrication. (a)-(b) silicon photonic crystals by conventional photo-
lithography. Reproduced with permission. [  148–149  ]  Copyright 1998, 2004 Nature (c) Photonic 
crystal by stacking of 2D indium phosphide plates. Reproduced with permission. [  151  ]  Copyright 
2003 Nature. (d) Polymer structure by soft lithography. Reproduced with permission. [  150  ]   
and critical geometric features (such as re-
entrant structures) are preserved. An impor-
tant exception to the reduced sensitivity is 
the HSR response of MNSM, where modes 
of brittle failure can be initiated and propa-
gated by single fl aws leading to catastrophic 
failure. 

  3.1. 2D Fabrication 

 Much of the current work to date on mechan-
ical metamaterials has been conducted on 
2D systems, especially in the areas of pho-
nonics and auxetics. As the requirements for 
mechanical devices are more fl exible than 
optical, there is a wide range of materials and 
techniques that can be utilized. Microstruc-
tured auxetics have been made by micro-
stamp and embossing techniques. [  96  ]  In these 
studies an optically patterned master is uti-
lized to imprint the desired structure into a 
soft material, which can then be either used 
as the fi nal product or inverted into another 
material by, for example, electroplating, or 
controllably combusted into amorphous 
carbon. High power pulse laser ablation has 
also been used to create 2D auxetic materials 

by employing high power pulse lasers to directly micromachine 
polymer structures. [  83  ]  For studies of 2D phononic devices, high 
resolution phononic structures and actuation resonators were 
patterned with submicron feature sizes. [  44  ,  144–146  ]  To accomplish 
this, conventional CMOS techniques of patterning with optical 
lithography and subsequent etching were employed.   

 3.2. Layer-by-layer Fabrication Techniques 

 Micro and nanoscale mechanical (much as the analogous 
optical) metamaterials require a different set of process capa-
bilities to design many of the features necessary for 3D devices. 
It is possible to accomplish fabrication of 3D structures by the 
layer-by-layer stacking of multiple 2D structures. [  147–150  ]  These 
fabrication methods have been performed in the past for phot-
onic devices. The layer-by-layer techniques can be divided into 
two approaches, subtractive and additive ones. In the subtrac-
tive approach, each 2D structure is defi ned by etching, for 
example, a 3D periodic silicon structure has been produced by 
the iteration of 2D structural patterning sequences consisting 
of silicon deposition, masking, etching, sacrifi cial material dep-
osition, and chemical-mechanical planarization (see  Figure    15  a 
and  15 b). [  148,149  ]  In spite of superior structural fi delity, the mul-
tiple steps make this approach costly and time consuming.  

 In contrast, in the additive approach, a pre-patterned 2D struc-
ture is simply added on top of the other 2D structure. Thereby, 
etching and related processes, sacrifi cial material deposition and 
planarization can be eliminated. For example, 3D structures have 
been made by stacking multiple grating structures using micro-
manipulation. [  151  ]  In this work (Figure  15 c), simple 2D semicon-
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
ductor processing was used to make individual 2D semiconductor 
structures that were positioned in stacks of the desired function-
ality. Since the free-standing 2D structure is nothing but a pat-
terned thin membrane, this approach may be diffi cult to apply for 
a wide area 3D structure due to the mechanical instability. A full-
additive approach without any etching was done by layer-by-layer 
transfer of polymer structures carried by an elastomeric substrate 
(Figure  15 d). [  147  ,  150  ]  The soft lithographic techniques are attrac-
tive for wide sample size, low cost, and high structural fi delity. [  77  ]  

 All the layer-by-layer techniques, however, have signifi cant 
limitation on aspects such as features that cross multiple levels, 
the ability to have multiple material types in close proximity at 
the same height, and loss of resolution/precision due to reg-
istry and layer-to-layer mechanical integrity and stability consid-
erations. As research into conventional lithography alternatives 
progresses, the variety of techniques for creating complex 3D 
assemblies is ever increasing, along with the variety of possible 
structures and the degrees of available tunability.   

 3.3. Angled Exposure Techniques 

 One of the strategies for the generation of 3D structures involves 
the application of conventional top down techniques with the 
added feature of the use of multiple angles. Among the earliest 
of these techniques is glancing angle deposition (GAD), [  152–155  ]  
in which a seeded or bare substrate is exposed to an evaporated 
source at an angle near 90 °  ( Figure    16  a). By adjusting the rota-
tion of the substrate with respect to the source, the direction of 
growth can be controlled. Initially, this was restricted to angling 
of grains in thin fi lms; however, it has been expanded to the 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 4782–4810
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     Figure  16 .     Schematics and SEM images of the MNSMs produced by angled deposition methods. 
(a) Spiral structures fabricated by GAD. Reproduced with permission. [  156  ]  Copyright 2008 Sci-
ence. (b) Woodpile-like structures produced by angled reactive ion etching. Reproduced with 
permission. [  157  ]  Copyright 2009 Nature (c) Ultra low density mechanical microframes produced 
by SPPW. Reproduced with permission. [  158  ]  (d) f.c.c.-like nanoframes produced by X-ray lithog-
raphy. Reproduced with permission. [  159  ]  Copyright 2000 American Institute of Physics.  
generation of high aspect ratio helices with nanoscale diame-
ters and pitches. [  153,154  ]   

 Another set of angled techniques feature exposure through 
a 2D physical mask. In angled etching (Figure  16 b), [  157  ,  160,161  ]  a 
metallic mask patterned by conventional 2D lithographic tech-
niques is utilized as a barrier for a reactive ion etch. In this 
way angled holes can be directed through a semiconductor to 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Mater. 2012, 24, 4782–4810
form a 3D pattern potentially containing line 
defects. [  157  ]  An analogous soft lithographic 
technique that has been applied to mechan-
ical metamaterials is self-propagating polymer 
waveguides (SPPW) [  27  ,  158  ,  162  ]  (see Figure  16 c). 
In SPPW, a physical mask is placed on top of 
a liquid polymer photoresist that is exposed 
to angled, collimated UV light. The resist is 
selected to exhibit a signifi cant increase in 
index upon crosslinking such that the prop-
agation of the exposing light is waveguided 
through the resist, including through inter-
sections (or nodes) of two waveguided 
beams. The net result is the highly robust 
fabrication of 3D polymeric truss structures 
down to the micron scale which can be used 
as templates for generation of elastomeric or 
metallic fi lled or hollow structures by coating 
or double inversion. 

 SPPW becomes ineffi cient when the fea-
ture size of the mask is comparable to the 
wavelength of UV light due to severe diffrac-
tion effects. X-ray lithography [  159  ]  (Figure  16 d) 
is an alternative to circumvent the diffraction 
issue by virtue of its signifi cantly shorter 
wavelength. A metal mask is placed on an 
X-ray sensitive polymer layer and consecu-
tive exposures to a highly directional x-ray 
beam such as synchrotron radiation are per-
formed at different angles. The area exposed 
above the critical dose can then be dissolved 
during development. Although the resultant 
structure is similar to that from SPPW, the 
defi nition of elements does not rely on the 
waveguiding but rather on simple projection.   

 3.4. Interference Lithography 

 The phenomenon behind interference lithog-
raphy (IL) is the formation of non-uniform 
intensity fi elds by the interference of two or 
more light sources of different directions, 
polarizations, amplitudes, and/or phases. 
At the zone of coincidence of the sources, 
the interference patterns will be periodic or 
quasiperiodic with periodicity determined 
by the above parameters along with the 
wavelength(s) of the sources. By locating the 
resulting interferogram of properly tuned 
light sources inside of a photoresist, the 
interference pattern can be converted into 
a 1D, 2D, or 3D structure by a change in chemical function-
ality, (de)crosslinking, or (de)polymerization reaction of the 
negative(positive)-tone photoresist. The two general strategies 
to accomplish IL are multi-beam and phase mask interference. 

 In multi-beam (MB) interference, [  163  ]  patterns are gener-
ated by the interference of multiple beams of selected intensity, 
polarization, angle of incidence, and phase, usually generated 
4797wileyonlinelibrary.comeim
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     Figure  17 .     Schematic of (a) multi-beam interference lithography and (b) phase mask interference lithography. For simplicity only two beams are illus-
trated. (c) SEM image of a SU-8 photoresist structure fabricated by 4-beam interference lithography.  
by a splitting of a coherent source such that the consideration 
of phase may be controlled purely by the relative path lengths 
of the various beams ( Figure    17  a). The greatest attraction of 
this approach is that it has a solvable inverse problem–with a 
target structure in mind, it is possible to determine the neces-
sary beam parameters to achieve a structure approaching the 
target by solving a Fourier expansion of the desired intensity 
distribution. [  41  ,  164  ]  In this way, MBIL has been utilized to fab-
ricate phononic, [  45  ,  165  ]  and mechanical structures, [  24  ]  as well as 
photonic structures. [  166,167  ]   

 Phase mask interference lithography (PMIL) is a much 
simpler technique than MBIL. In this approach a phase mask 
is brought into contact (or deposited on via imprint [  168  ]  or 
self-assembly [  169  ] ) with a solid photoresist (Figure  17 b). The 
mask, a 1D or 2D pattern (possibly in multiple layers [  170  ] ) is 
then used to produce multiple diffracted beams from a single 
incident beam, which in turn produce an interference pattern 
within the resist. Thereby, the phase mask (and generating 
master) are the only required optics (though practically there 
are some considerations for the light source) for generating 
complex, large area 3D patterns, and have been used for the 
generation of structured particles [  171  ]  and photonic crystal 
templates. [  172,173  ]  

 Overall, MBIL is advantageous in the capabilities of non-
contact exposure and a wider range of possible structures while 
PMIL is valuable for its simpler optics and resistance to envi-
ronmental perturbation like mechanical vibration.   

 3.5. Direct Write Lithography and Printing 

 Direct write (DW) lithography is the most intuitive form of 
lithography and also provides the greatest degree of arbitrary 
control, as patterns are not restricted to a specifi c periodicity or 
characteristic length scale. For 3D structures there are a variety 
of printing and patterning processing techniques that are well 
suited for the production of metamaterials. 

 Nozzle based printing techniques are a versatile method for 
the rapid production of 3D structures that can be decomposed 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
into vector maps. The most common example of such a tech-
nique is commercially available 3D printing tools. These use 
molten polymers or UV-curable polymers to write features on 
the sub-mm scale and have been employed for the characteriza-
tion of the deformation properties of model system lattices prior 
to approaching MNSMs ( Figure    18  a). [  32  ]  Recently, a variation 
of this technique using functional sol-gel inks has been devel-
oped. [  174–178  ]  By utilizing shear thinning colloidal inks, struc-
tures of various materials, including polymers, [  176  ]  metals, [  177  ]  
and semiconductors, [  178  ]  can be rapidly patterned down to the 
micron scale. This technique has been applied to structures 
ranging from photonic woodpiles [  175  ]  to vascular networks, [  179  ]  
but has yet to have direct mechanical applications, though the 
potential is high.  

 A variation on nozzle 3D printing is layer-by-layer 3D 
printing. In this technique, the patterned media is introduced 
one layer at a time from the bottom up and progressively pat-
terned. This has been accomplished both with granular media 
using a glue nozzle and also highly absorbing liquid photore-
sists. This latter technique, called microprojection stereolithog-
raphy (Figure  18 b), [  181  ]  allows for nearly arbitrary fabrication 
with micron scale resolution by slowly sinking the patterned 
structure in a resist bath and exposing the newly formed sur-
face layer of resist to 2D UV light patterns controlled by a dig-
ital mirror array. The exposure light can only penetrate a small 
depth into the resist, thus defi ning the rate at which the struc-
ture can change. This technique has been utilized to design 
mechanically actuatable structures by patterning in a hydrogel 
resist. [  134  ]  

 3D optical direct write by a focused laser beam is also a very 
popular fabrication method. In these techniques, nearly arbi-
trary patterns are “written” in a photoactive media by the pat-
terning laser via either controlled motion of the relative posi-
tion of the sample and lens or by defl ection within the fi eld 
of view by galvano-mirrors. While the earliest demonstrations 
utilized single photon absorption at the edges of the absorption 
band, [  182  ]  multi-photon lithography (MPL) [  183–188  ]  or other non-
linear effects [  189–191  ]  have become the standard methods for rapid 
patterning of nearly arbitrary 3D structures. MPL is performed 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 4782–4810
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     Figure  18 .     3D fabrication by direct writing techniques. (a) 3D periodic structure created by mm scale 3D printing of polymeric bi-continuous structures 
at the mm scale. Courtesy of L. Wang at the Clarkson University. (b) Hydrogel actuator structure made by projection micro stereolithography. Repro-
duced with permission. [  134  ]  Copyright 2010 IOP Publishing. (c) High resolution MPL polymer patterning of a 3D structure with sub-100 nm resolution. 
Reproduced with permission. [  180  ]  Copyright 2007 Optical Society of America.  
by the activation of a photoinitiated process by simultaneous 
(on the timescale of the excitation) multiple adsorptions of light 
below the absorption edge of the initiator. Most typically this is 
a UV excitation driven by double adsorption of visible or NIR 
light; however, three photon MPL has been demonstrated. [  184  ]  

 The capability for 3D DW arises from this multiple adsorp-
tion process–the rate of a photoinitiated process will scale as the 
intensity to the power of the number of simultaneous adsorp-
tions required, [  187  ]  thus increasing the resolution of the tech-
nique (See Figure  18 c). MPL of photoresins currently has been 
primarily used for photonics [  185  ]  and plasmonics; [  192  ]  however, 
it has more recently been applied to mechanical metamaterials 
for fabrication of 3D auxetic [  105  ]  (see our earlier Figure  13 ) and 
previously unrealized so called, “pentamode structures” that 
can provide a very large ratio of the bulk modulus to the shear 
modulus (10 3 –10 4 ) and hence act as a type of metafl uid where 
there is very little coupling between compressional waves and 
shear waves. [  193,194  ]  Such pentamode materials could be utilized 
as building blocks for achieving almost any desired elasticity 
tensor. A more unique process to MPL is the direct photoreduc-
tion of dispersed metallic salts into metal features, either out 
of solution [  195,196  ]  or a polymer matrix. [  197–199  ]  While the appli-
cations of 3D metal writing have currently been restricted to 
optical [  195  ,  197  ,  199  ]  or electronic structures, [  196  ]  the potential of 
patterning arbitrary high density metallic structures within a 
soft matrix could be exceeding useful for the development of 
mechanical architectures, such as negative modulus structures.   

 3.6. Self-Assembly 

 Self-assembly is another powerful tool for 2D and 3D fab-
rication of MNSMs. In these bottom-up processes, the nat-
ural arrangement of a particular structure is built into the 
chemical or physical parameters of one or more building 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 4782–4810
blocks. The families of materials that have been studied for 
self-assembly are too numerous to list, but two of the most 
successful that are highly relevant for the generation of con-
trollable 3D architectures would be colloidal systems and 
block copolymers. 

 Colloidal crystals are assemblies of micro or nano-scale par-
ticles formed out of solution ( Figure    19  a and  19 b). The com-
position of the particles can range from organic polymers [  200  ]  
and bioparticles [  201  ]  to inorganic glasses, [  202  ]  metals, [  203  ]  or 
ceramics. [  204  ]  Secondary van der Waals interactions are the 
primary driving force for assembly. By utilizing either slow 
evaporation times or various other techniques such as electro-
phoresis, [  202  ]  crystals of very high quality over a large area (up 
to cm scale) can be obtained. Colloidal crystal arrays have been 
employed extensively for photonic structures, [  200,201  ,  204,205  ]  pho-
nonic crystals [  206,207  ]  and energy dissipative structures. [  208  ]  One 
disadvantage to colloidal systems formed by the most commonly 
employed monodisperse spherical colloids is the fact that they 
generally all form in the same crystal structure (f.c.c., Fm3̄m  ) 
and, thusly, all have the same fi lling fraction. This limitation 
has been overcome with a variety of strategies, such as using 
multiple particle sizes (also allowing for multiple functionali-
ties with controlled positioning), [  209,210  ]  pattered substrates, [  211  ]  
or adding coordinating functionality to the particles by DNA 
surface binding. [  212–214  ]  The net result is a huge increase in the 
possible number of colloidal crystal structures.  

 BCP self-assembly is another route to multidimensional 
MNSMs that has been the topic of a great deal of investiga-
tion. [  215  ]  For BCPs made of two or more varieties of immiscible 
polymers covalently joined end-to-end (or in more complicated 
architectures such as miktoarm star copolymers [  216  ] ), the BCPs 
undergo microphase separation resulting in microdomains 
with size commensurate to the relative block molecular weights 
and the period to the overall composition and total molecular 
4799wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  19 .     Self-assembled 3D structures. (a) 3D self-assembled polystyrene colloidal crystal in an f.c.c. structure. Reproduced with permission. [  206  ]  
Copyright 2008 IOP Publishing. (b) Colloidal self-assembly of  Wiseana  viral capsids with an amorphous, liquid-like packing. Reproduced with permis-
sion. [  201  ]  (c) TEM image of double gyroid diblock copolymer self-assembly. Reproduced with permission. [  63  ]   
weight. The arrangement of these domains is dependent on the 
relative compositions of the individual blocks and the nature 
of their connection (architecture). For example, in the simplest 
case of a diblock copolymer, there exist four distinct phases (in 
order of decreasing fraction of the minority block): lamellae, 
double gyroids (Figure  19 c) of the minority phase in a matrix 
of the majority, hexagonally packed minority cylinders, and 
BCC packing of minority spheres. [  217  ]  Structural variants of 
these phases may also be obtained by various means, such as 
the formation of a helical variant of the cylindrical phase due 
to a chemical choice of the backbone of the minority phase. [  218  ]  
Additional symmetries are available by adding complexity to 
the block copolymer, such as by moving to a terblock, [  219,220  ]  
leading to more than ten new distinct phases. Blending nan-
oparticles (NPs) into a BCP solution can also result in highly 
structured bi-composites due to the ability of the NPs to reside 
in low energy regions within the polymer medium, dictated by 
the geometry and scale of the block domains and the enthalpic 
interactions of ligands on the NP surfaces. [  221,222  ]  Applications 
of block copolymers include photonic [  63  ,  129  ]  and phononic [  223  ]  
crystals, which, by virtue of the soft nature of the BCPs can, 
by selective crosslinking and swelling, have their photonic 
and phononic dispersion tuned by a variety of stimuli. [  129  ,  224  ]  
Because bulk MNSMs formed from BCP can have periodicities 
ranging from 1 to 100 nm, their application to phonon-engi-
neered materials is very promising.   

 3.7. Combined Approaches 

 All the techniques discussed above possess advantages and 
limitations. The most general areas of comparison for the 
various fabrication techniques are patterning rate, degree of 
structural control and resolution. These parameters are gen-
erally not completely independent. Most obviously, rate and 
control are generally inversely coupled. For example, the most 
rapid methods, such as techniques using single or multiple 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
steps/exposures (imprint, photomask 2D lithography, glancing 
angle processes, microprojection, and IL) and self-assembly 
techniques can pattern a large area (mm-cm scale) in a single 
lithographic step. While layer-by-layer techniques fall into this 
category, most of them (other than microprojection lithog-
raphy) when applied to 3D structures require many interme-
diate steps that slow down the process. The drawback of these 
techniques, especially in 3D, is that there is often very limited 
control over both the naturally occurring and desired defects. 
This is a particularly big problem in self-assembled struc-
tures that contain thermodynamic or kinetically frozen point 
or line defects. Conversely, IL structures can rapidly pattern 
a large area uniformly in 3D, but cannot controllably defi ne 
point defects. In contrast, direct write techniques, such as 
2D electron beam or laser ablation and 3D printing or MPL, 
can provide nearly arbitrary control over the structure with 
the limitation of serial writing. The rate at which these serial 
processes can occur is often coupled to the resolution of the 
process, with  μ m-mm scale direct write patternable at m/s 
rates, while fi ne MPL structures, writable down to a demon-
strated 65 nm, [  180  ]  is generally limited to mm-cm/s depending 
on the simplicity of the patterned structure. Self-assembly is 
an exception to this rule; for example, BCP self-assembly tech-
niques have the potential for the highest resolution as their 
characteristic length is limited by block molecular dimensions 
(1-100 nm) rather than optical or mechanical positioning and 
can pattern wide areas simultaneously with the drawback of 
the aforementioned defects. 

 These parametric tradeoffs have led to research into com-
bined techniques. While these have generally not yet been 
applied to mechanical metamaterials; it is likely that hierarchi-
cally structured media produced by combined techniques will 
soon emerge in mechanical and phononic applications. 

 One example of combined techniques is the utilization 
of 3D direct write, usually by MPL, to introduce purposeful 
defects and create local hierarchical structures in 3D media pat-
terned either by IL, [  225–226  ]  direct ink writing, [  227  ]  imprint, [  136  ,  228  ]  
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 4782–4810



www.advmat.de
www.MaterialsViews.com

R
EV

IEW

     Figure  20 .     Examples of combined strategies for hierarchical 3D structures. (a) Confocal microscopy of a defect written by MPL within a colloid struc-
ture. The top image is a planar  xy  map of the defect, while the bottom shows a  yz  cross-section. Reproduced with permission. [  232  ]  (b) Locally patterned 
PMIL slabs with different fi ll fractions from a single UV exposure by focused laser spike (FLaSk) annealing with different powers of annealing laser. 
Powers (35-65) reported in mW. scale bar: 10  μ m. Reproduced with permission. [  225  ]  Copyright 2011 The Royal Society of Chemistry. (c) Self-assembly of 
a fi ne colloidal structure in a MBIL pattern. The top image shows the initial structure, while the bottom shows a hierarchically porous inverted structure 
by titania sol gel. Scale bar: 1  μ m. Reproduced with permission. [  233  ]   
or colloidal self-assembly [  205  ,  229,230  ] ( Figure    20  a). In the case 
of the structures written on the imprinted pillars, microme-
chanical actuators were made by patterning in a hydrogel by 
MPL; [  136  ]  however, the other studies focused on optical devices. 
A similar approach has been made utilizing conventional short 
wave UV to fi x a photocrosslinkable BCP that had been previ-
ously annealed for self-assembly; [  231  ]  the second block was then 
degraded to leave a fi ne featured hierarchical structure. In the 
above techniques, the fi ne structure was determined globally 
by the large area technique and then either altered or posi-
tioned by application of the second technique for a resultant 
binary product of either the 3D structure or fully fi lled/unpat-
terned area. More recently, focused laser spike anneal (FLaSk) 
has been utilized to generate hierarchically patterned struc-
tures with varying fi ll fraction from a single IL exposure by 
locally varying the bake conditions of a chemically amplifi ed 
photoresist [  225  ] (Figure  20 b).  

 Another possibility for technique combinations is the epi-
taxy of self-assembled structures. These techniques have 
been used extensively to guide the formation of BCPs in two 
dimensions by either chemical [  234,235  ]  or graphoepitaxy [  236–238  ]  
to order and align the polymer microdomains. These are 
similar to unstructured, fi eld-driven methods of BCP align-
ment, such as magnetic, [  239  ]  electronic, [  240  ]  mechanical, [  241  ]  
thermal, [  242–244  ]  or directional solvent [  245  ]  evaporation or crys-
tallization [  246  ]  driven alignment. Epitaxy of 3D self-assembly is 
a less studied area, though it has been demonstrated for col-
loids within conventional lithographic [  233  ]  or IL [  247  ]  templates 
(Figure  20 c) and block copolymers within ordered and disor-
dered pores. [  248–250  ]  Such structures could defi nitely possess 
interesting mechanical properties, but have yet to be analyzed 
with this in mind.   
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 4782–4810
 3.8. Methods for Material Conversion 

 Many of the processes detailed above are best suited for fab-
ricating polymer/air based structures (furthermore, most 
often elastomer/air), which do not always possess the desired 
mechanical properties for a given application. For this reason, 
there has been a great deal of research on converting the initial 
polymeric structure to a different material. The most straight-
forward conversion method may be carbonization. [  35  ,  96  ]  In this 
process, the polymeric structure is carbonized at a high tem-
perature in inert environment or in vacuum. As a result, the 
polymer is converted into denser material (amorphous carbon), 
and elastic modulus is increased signifi cantly. This converted 
material, however, is generally very brittle and the transforma-
tion also results in a degree of shrinking, potentially leading 
to crack formation. Very recently, this technique has been 
improved by absorbing the carbonized structure onto a metal 
layer deposited after carbonization, which in turn led to com-
plete conversion to sp 2 -coordinated hollow graphite. [  251  ]  One 
can also reduce the crack formation in carbonization by using 
a shrinkable substrate. For example, no observable cracks are 
found when we fabricate a SU-8 MNSM on a crosslinked SU-8 
fi lm and carbonize. 

 Inversion methods are perhaps the most commonly employed 
routes to create patterns in other materials. In these approaches, 
a material with the desired characteristics is backfi lled into the 
internal space of a template and then the template is generally 
removed, though it may be left behind to generate bicontinuous 
solid/solid structures. [  32  ]  For example, a 3D photoresist template 
can be infi ltrated with an elastomer resin and dissolved after 
crosslinking of the elastomer to leave a stretchable MNSM. [  165  ]  
As a general process, inversions are executed through a variety 
4801wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  21 .     3D structural images created by various imaging techniques. (a) Optical confocal 
microscopy (19  μ m  ×  19  μ m  ×  8  μ m) of dispersed poly methyl methacryate (PMMA) ellipsoidal 
domains containing fl orescent dye in a polydimethylsiloxane (PDMS) matrix using fl orescence 
contrast. Reproduced with permission. [  260  ]  Copyright 2005 American Chemical Society (b) X-ray 
tomography (2.7  μ m  ×  3.1  μ m  ×  7.3  μ m) of a HfO 2 -coated SU-8 epoxy photonic crystal. Repro-
duced with permission. [  263  ]  Copyright 2006 American Institute of Physics (c) FIB tomography 
(14  μ m  ×  8  μ m  ×  7  μ m) of AlSi 8 Mg 5  alloy (aluminum phase is transparent). Reproduced with 
permission. [  267  ]  (d) TEM tomography (300nm  ×  200 nm  ×  100 nm) of ZnO (yellow) in conduc-
tive polymer (transparent) for a solar cell device. Reproduced with permission. [  268  ]  Copyright 
2009 Nature.  
of methods in either direction between 
polymer and silica, with the fi nal step of con-
version to some fi nal polymer, oxide, metal, 
or semiconductor. The reason for this is ease 
of removal–polymers can generally be dis-
solved by solvent or burned out by plasma 
etching while silica can be easily selectively 
etched by hydrofl uoric acid. These methods 
were fi rst developed in detail for silica and 
polymer colloidal crystals, [  252–253  ]  where silica 
and other oxides were deposited by the use of 
sol gel surface reduction of metal oxide com-
pounds (such as shown in Figure  20 c). This 
process could also be completed partially 
to create hollow or multilayered structures 
and was later applied to BCP [  64  ]  and IL [  254  ]  
structures (with electrochemical assistance), 
though these structures often are somewhat 
porous due to diffi culties in infi ltration and 
often compact in a subsequent densifi cation. 
For many applications, semiconductors such 
as silicon are the fi nal target material due 
to their superior mechanical, thermal, and 
optical properties, but they can only be depos-
ited by high temperature chemical vapor dep-
osition (CVD). While this can be performed 
into silica colloids, [  255  ]  polymer systems are 
generally not stable enough to survive to the 
temperatures required. One way around this 
is to deposit a protective layer of either silica 
by low temperature CVD [  175  ,  256  ]  and/or alu-

mina by atomic layer deposition. [  205  ,  230  ,  256  ]  

 Electrodeposition is a particularly versatile technique when 
3D MNSMs are required. A non-conducting template is formed 
on a conducting substrate and target materials including oxide 
precursors, [  254  ]  semiconductors, [  257  ]  and metals [  77  ,  192  ]  start to fi ll 
the electrolyte-fi lled internal space from the bottom (i.e. the 
electrode substrate) unlike other vapor phase deposition tech-
niques. By removal of the template by a simple calcination or 
various etching techniques, inverted structures are achieved. 
A variant of this technique is electroless plating of nickel, in 
which an autocatalytic process leads to nearly uniform con-
formal deposition of nickel, which can be then etched out to 
make hollow structures as have been used for the ultra-low 
density, high modulus truss materials discussed above. [  27  ]  Metal 
coated structures can also be made by multidirectional sput-
tering, though this is subject to shadowing effects and thus is a 
less reliable technique. [  228  ,  258  ]     

 4. Selected Characterization Methods for MNSMs  

 4.1. Structural Characterization 

 Knowledge of the geometrical, structural, and compositional 
parameters of a MNSM is very important for accurate correla-
tion with modeling. Although scanning electron microscopy 
is the generally employed standard for structural characteri-
zation, because of a broad range of materials, sizes, and 2D 
2 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
and 3D architectures, the measurement and parameterization 
of MNSM morphological characteristics are not easily accom-
plished by these surface-deep characterization tools. In this sec-
tion, we introduce several techniques that are effective for the 
full geometrical characterization of MNSM. 

 Confocal microscopy ( Figure    21  a) is a powerful optical 
imaging technique for direct visualization of transparent 3D 
structures of material because of its high spatial resolution, 
especially in the axial direction. [  259  ]  In this technique, pinhole 
optics with a laser probe is utilized to enhance the contrast 
between various regions of varying composition produced by 
fl orescence [  260–261  ]  or refractive index. [  129  ,  165  ]  In this way 3D 
imaging with sub-micron resolution is possible. X-ray tomog-
raphy (Figure  21 b) can provide another option for 3D structural 
information with the additional capability of being applicable to 
optically opaque samples. In X-ray tomography, tightly focused 
X-rays are used to probe the specimen and an X-ray camera 
is used to record the X-ray transmission radiograph. A set of 
radiographs are processed with a reconstruction algorithm to 
generate the tomogram of the specimen. [  262,263  ]  Because most 
materials for the MNSMs are optically opaque, X-ray tomog-
raphy is frequently employed method for characterization of 3D 
microstructures. [  264–266  ]   

 3D-TEM tomography (Figure  21 d) enables the characteriza-
tion of structures at nanometer-scale resolution [  269  ]  and has been 
applied to study solar cells, [  268  ]  terblock copolymers, [  270  ]  and 
semiconductor nanowires. [  271  ]  Although 3D-TEM tomography 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 4782–4810
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itself is non-destructive, the preparation of specimen for the 
3D-TEM tomography can be destructive in order to achieve 
the appropriate thickness of specimen necessary to allow elec-
tron transmission, which can vary depending on the accelera-
tion voltage and sample electron density, but is generally in the 
sub-micron scale. Recent development of dual beam FIB/SEM 
instruments has enabled unique 3D material characterization 
through serial sectioning followed by high resolution SEM, 
electron backscatter diffraction, and energy dispersive spectros-
copy (Figure  21 c). [  272  ]  Consequently, combined FIB/X (where 
X  =  SEM, EBD and EDS) tomography can also provide volu-
metric information on structure and chemical composition as 
well, but at the cost of sample destruction. [  267  ,  273  ]  

 Unlike the previous tomography techniques, scanning 
acoustic microscopy (SAM), [  274  ]  enables one to obtain 3D 
structural information by directly probing mechanical prop-
erties if suffi cient contrast exists in mechanical impedance of 
constituent materials (see  Equation (5) ). In SAM, focused longi-
tudinal acoustic waves are transmitted to a sample in an immer-
sion fl uid and acoustic waves refl ected at various internal inter-
faces of materials having different mechanical impedances are 
probed generally at the micron and supermicron scale. Using 
the phase, intensity, and time of fl ight of the refl ected waves 
acquired during 3D raster scanning of the focused acoustic 
waves, a 3D mechanical map can be reconstructed. Because 
SAM is very sensitive to mechanical irregularity, it has been 
used for voids, [  275–277  ]  dewetting, [  278  ]  and strain fi elds, [  277  ]  
multilayered polymeric systems [  277  ]  as well as quality control 
of semiconductor devices. [  278–279  ]  In addition, SAM has been 
utilized as a non-intrusive technique to examine the forma-
tion and healing of voids of self-healing composite of shape 
memory polymers, hollow SiO 2  glass particles, and carbon 
nanotubes under low strain rate impacts. [  275  ]  SAM has not yet 
been applied to multidimensional MNSM, most likely due to 
a combination of the technique’s resolution and the diffi culty 
of accounting for the multiple angles and complex paths of 
focused beams inside of metamaterials; however, there is likely 
some potential for SAM as a complimentary, non-destructive 
technique for probing dispersion properties of effective media 
MNSM, especially in geometries where scattering methods are 
impractical or opaque materials or encapsulated structures are 
required.   

 4.2. Nanoindentation 

 For mechanical characterization of modulus and yield, nanoin-
dentation is one of the most common tools, which is simply an 
indentation test using submicron indenters. The principal goal 
of a nanoindentation test is to extract elastic modulus and hard-
ness of a specimen material from experimental readings of the 
indenter load versus the depth of penetration. If plastic deforma-
tion occurs, then there is a residual impression left in the surface 
of the specimen. Unlike conventional indentation, the contact 
indentation area is often too small for direct measurement, 
thus the depth of penetration together with the known geom-
etry of the indenter provides the indirect measure of the contact 
area at full load. Besides the modulus and hardness, the load-
displacement curve often carries rich information for non-linear 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 4782–4810
events such as phase transformations and cracking. The so 
called combined modulus,  E   ∗   is given by, [  280  ] 

 
E ∗ = 1

2

d P

dh

√
π√
A   

(13)
   

where  P ,  h , and  A  are the indenter load, the indentation depth, 
and contact area, respectively. In a typical test, load and depth 
of penetration are recorded as load is applied from zero to some 
maximum (loading curve) and then from maximum load back 
to zero (unloading curve). The material undergoes elastic and 
plastic compression during the loading and elastically recovers 
during the unloading. Therefore,  dP / dh  is determined from the 
unloading curve near the maximum load. The combined mod-
ulus is related to the actual elastic modulus ( E ) of the specimen 
and to the Poisson’s ratios of the specimen and the indenter,  ν  
and  ν  I , and elastic modulus of the indenter ( E  I ) by the following 
equation. [  281  ] 

 

1

E ∗ = 1 − ν2

E
+ 1 − ν2

I

EI   
(14)

    

 For a diamond indenter, because of its exceptionally high 
modulus (over 1,000 GPa), the second term may be negligible 
when testing specimens with moderate moduli. Residual inden-
tation due to plastic deformation often shows the anisotropic 
nature of MNSMs. In  Figure    22  a it can be seen that the outline 
of the residual indent in the atomic force microscopy image is 
not circular but an equiangular 6-sided polygon although the 
polymeric MNSM was compressed by a spherical indenter. This 
refl ects the 3-fold symmetry of the MNSM about the compres-
sion direction. Most indenters including spherical, Berkovich, 
Knoop, and Vickers create a localized stress fi eld inducing 
elastic-plastic deformations, leading to a complex deformation 
response. Thus, a fl at indenter may help to reduce the com-
plexity by application of a more uniaxial-like stress distribution 
as seen in Figure  22 b; however, it should be noted there are 
always edge effects near a perimeter of the indenter. Although 
edge effects can be lessened by using an indenter of a larger 
diameter, this approach requires increased parallelism between 
the specimen surface and the indenter. One of the ways to 
reduce the edge effect is FIB milling, which has recently 
become a popular method of sample preparation for compres-
sion analysis as discussed above. By use of FIB, a specimen can 
be shaped into a cylindrical form with a diameter smaller than 
the diameter of an indenter. Although ion damage during FIB 
should be taken into account, thus far ion-damage effects seem 
to be minor in the materials investigated. [  30  ]  If the MNSM is 
fabricated with an optically transparent material, Brillouin light 
scattering (BLS) can be an alternative method to analyze mod-
ulus due to its non-destructive nature and will be discussed 
later.    

 4.3. Optical Characterization 

 The use of optical and acoustic techniques for the measure-
ment of mechanical properties is attractive due to the gener-
ally non-contact and non-destructive nature of the analysis. In 
4803wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  22 .     (a) AFM height image of the residual indentation after a 1.2 
mN load applied for 10 s into an SU-8 epoxy MNSM. Reproduced with 
permission. [  24  ]  Copyright 2010 American Chemical Society. (b) SEM micro-
graph of a woodpile structure made of SU-8 epoxy fabricated on a glass 
substrate. The circular impression at the center is left by the fl at punch 
during the tests that exceeded the elastic deformation limit. Reproduced 
with permission. [  282  ]  Copyright 2007 American Institute of Physics.  
optical techniques, inelastic scattering processes of a photon 
with an acoustic phonon (Brillouin scattering) or with an 
optical phonon (Raman scattering) can provide a wealth of 
information about properties of materials. The acoustic phonon 
is represented by the vibration mode in which the displace-
ment of an atom from its equilibrium position is in-phase with 
that of its nearest atoms, thus the change in bonding distance 
between atoms is very small. The bonding distance, however, is 
signifi cantly stretched in the vibration mode representing the 
optical phonon due to the out-of-phase oscillation and associ-
ated energy level is higher (order of THz) than that of acoustic 
phonons ( < 500 GHz). 

 In a typical BLS setup, polarized light illuminates a sample 
and after scattering is then detected at a different angle and 
polarization. Based on the shift in energy of the scattered light 
at a particular angle, the wave vector of the interacting phonon 
propagating in this direction may be determined. The major 
challenge in the BLS technique comes from the very small 
energy shift. As the BLS peaks are very close to the several 
order stronger peak of the Rayleigh elastically scattered light, 
conventional spectrometers using dispersive elements such as 
a grating are not suffi ciently effective to isolate the BLS signal 
from the central elastic scattering signal. Thus the spectral 
04 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
separation is accomplished by use of scanning Fabry-Pérot 
interferometer. Based on the incident polarization and the ori-
entation of the sample, other properties such as components of 
the compliance tensor can be determined. Depending on the 
energy of the incident light employed, different length scales of 
the material can be probed. BLS is thus versatile at both deter-
mining bulk material parameters, such as the elastic constants 
of polymers, [  283–284  ]  or biological cells, [  285–286  ]  and for probing 
the dispersion relation of phononic metamaterials. [  43  ,  45  ]  This 
was fi rst demonstrated on colloidal crystals, where both the 
dispersion of the periodicity and the individual resonances of 
the particles were simultaneously probed [  43  ,  287  ]  (the latter result 
may be considered Raman scattering). Phonons in such nano-
structures possess energies in the GHz range, making it pos-
sible to resolve the frequency shifts utilizing conventional labo-
ratory scale visible laser sources (frequency in the hundreds of 
THz); however, this also necessitates the use of index matching 
fl uids in order to avoid conventional diffractive effects. In 
this way band structures for block copolymer phononic crys-
tals [  130  ,  223  ,  288  ]  and even larger structures made by interference 
lithography [  45  ,  132  ,  165  ,  289  ]  can be successfully studied. 

 Raman light scattering (RLS) probes light scattered by the 
optical phonons of a material corresponding to molecular vibra-
tional states at the stationary “optical” limit (possessing crystal 
momentum near the  Γ -point). RLS is sensitive to the degree of 
ordering in crystals, [  290–291  ]  resonances of quantum wells, [  292–293  ]  
or the single particle vibrational modes of nanocrystals, [  294  ]  
nanoparticles, [  287  ]  or nanotubes. [  295  ]  For many characterization 
studies, spatial mapping of the mechanical properties may be 
desirable. For this reason, Brillouin and Raman microscopy 
have been developed to characterize the local properties of 
either a mapped material [  296–297  ]  or a small object such as indi-
vidual nanotubes, [  298  ]  and even 3D mechanical imaging. [  299  ]  As 
mentioned, the angular position of a scattered peak uniquely 
determines the direction and momentum of the scattering 
phonon; therefore, localizing the incident beam necessarily 
increases the range of angles, resulting in a trade-off of between 
a more localized, higher spatial resolution measurement with 
greater uncertainty in spectral resolution. This still allows for 
the accurate mapping of glassy isotropic systems, such as glassy 
oxides and polymers [  300–302  ]  or biological media [  299  ]  to determine 
mechanical properties and locate interfaces, or in the case of 
Raman microscopy, determine the distribution of strain in a 
stressed material. [  297  ,  303–304  ]  

 Extensions of these characterization tools are pump-probe 
methods. In these techniques, phonons are induced inside of 
the material, raising the chances for Anti-Stokes scattering. 
In fact, the very fi rst BLS experiments by Debye and Sears in 
1932 utilized vibrationally stimulated scattering in solvents. [  305  ]  
A similar technique, impulsive stimulated scattering, creates 
instantaneous optical gratings by the interference of a pump 
beam to create periodic thermal expansion in the sample, which 
in turn propagates as a phonon. [  306–310  ]  The subsequent phonon 
can be monitored by the scattering of a probe beam or pulse 
in both the time and frequency domain to determine material 
properties and dispersion at that wavelength. Impulsive stimu-
lated scattering and similar pulse techniques utilizing a wave 
packet rather than a single grating [  311  ]  have been utilized to 
measure structured materials such as phononic crystals [  311–313  ]  
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 4782–4810
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     Figure  23 .     Optical single pulse images of shock tests on MNSMs. Shock excitation indicated by the red dashed lines. (a) Propagating circular shock 
waves through the MNSMs of different plane groups (c2mm and p6mm). The MNSMs are fabricated by MPL using SU-8 epoxy. SEM images of (b) 
the c2mm auxetic MNSM and (c) the p6mm MNSM after deformation by the shock waves. The post mortem SEM analysis of indicated area reveals 
how the structure dissipates the shock by compaction, plasticity and brittle fracture.  
and ring resonators. [  314  ]  We have more recently investigated a 
related pump-probe technique for the analysis of the interac-
tions between a MNSM and  non -linear acoustic waves (i.e. 
shock waves). In this technique, the probe pulse is tightly 
focused as a ring or line and propagates in a surrounding liquid 
towards the sample as a shock wave. [  315  ]  The probe pulse (at 
a non-absorbing wavelength) is appropriately delayed so as to 
take a nanosecond-exposure-time image of the travelling shock 
front at a desired time after the initial shock event. We are cur-
rently utilizing this technique, which is an intersection between 
scattering and HSR measurements, to investigate shock on 
MNSMs fabricated by MPL and IL by both  in situ  and post 
mortem analysis ( Figure    23  ).     

 5. Summary and Perspectives 

 In this review we have focused on the mechanical aspects of 
MNSMs and highlighted new opportunities for MNSM based 
mechanical metamaterials. Most of the current metamaterials 
are “handmade” and, therefore, largely at the macroscale. The 
ability to design and fabricate 2D and 3D metamaterials at the 
micro- and nano-scale has been greatly increased by recent 
processing advances, including both large area parallel tech-
niques and high resolution serial techniques and, further, via 
a rapidly increasing catalog of hybrid techniques possessing 
the advantages of each. Such structures with suffi ciently small 
lattice constants will enable metamaterials for high frequency 
applications. Methods for the analysis of properties of mechan-
ical metamaterials have also been improved, with upcoming 
methods for measuring and modeling even HSR or shock 
responses of MSNM. Utilizing these advances, diverse devices 
ranging from variable particle fi lters to acoustic cloaks have 
been successfully fabricated; however, relative to other similar 
research areas, such as optical metamaterials or the mature 
fi eld of semiconductor electronics, research and applications 
of mechanical metamaterials are still largely unexplored. Due 
to the wide range of materials properties, the complex tenso-
rial nature of mechanical responses, and the increasing body 
of theoretical work, the potential for future development and 
innovation, utilizing new fabrication tools is immense. It is 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 4782–4810
expected that the nature of mechanical applications will cer-
tainly require the scaling up of MNSM production to meet real 
engineering goals. In spite of many challenges, we optimisti-
cally foresee that these issues will be overcome by close col-
laborations between the science and engineering communities 
to fully exploit the opportunities arising from the successful 
manipulation of MNSM-based metamaterials.  
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