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ABSTRACT The Micro- and Nano-mechanics Working Group of the Chinese Society of Theoretical and
Applied Mechanics organized a forum to discuss the perspectives, trends, and directions in mechanics of
heterogeneous materials in January 2010. The international journal, Acta Mechanica Solida Sinica, is devoted to all ﬁelds of solid mechanics and relevant disciplines in science, technology, and engineering, with
a balanced coverage on analytical, experimental, numerical and applied investigations. On the occasion
of the 30th anniversary of Acta Mechanica Solida Sinica, its editor-in-chief, Professor Q.S. Zheng invited
some of the forum participants to review the state-of-the-art of mechanics of heterogeneous solids, with
a particular emphasis on the recent research development results of Chinese scientists. Their reviews are
organized into ﬁve research areas as reported in diﬀerent sections of this paper. §I ﬁrstly brings in focus on micro- and nano-mechanics, with regards to several selective topics, including multiscale coupled
models and computational methods, nanocrystal superlattices, surface eﬀects, micromechanical damage
mechanics, and microstructural evolution of metals and shape memory alloys. §II shows discussions on
multiﬁeld coupled mechanical phenomena, e.g., multi-ﬁelds actuations of liquid crystal polymer networks,
mechanical behavior of materials under radiations, and micromechanics of heterogeneous materials. In
§III, we mainly address the multiscale mechanics of biological nanocomposites, biological adhesive surface
mechanics, wetting and dewetting phenomena on microstructured solid surfaces. The phononic crystals
and manipulation of elastic waves were elaborated in §IV. Finally, we conclude with a series of perspectives on solid mechanics. This review will set a primary goal of future science research and engineering
application on solid mechanics with the eﬀort of social and economic development.
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I. MICRO- AND NANO-MECHANICS
1.1. Multiscale Coupled Models and Algorithms at Micro and Nano Scales
Prediction of the mechanical properties and structural evolution of heterogeneous materials from
nano, micro to macro scales is a diﬃcult issue and involves multiscale and multiple ﬁeld modeling.
The high-order two-scale coupled models and the algorithms developed by Cui and coworkers[1–6] can
be employed to simulate the physical and mechanical performances of composites, including stiﬀness,
strength, and dynamically coupled thermo-mechanics behavior. Those models have been developed
within the framework of macroscopic continuum theories and, therefore, cannot be used for some nanoor micro-sized structures.
Continuum theories and atomistic theories are two distinct classes of descriptions for material behavior. In continuum approaches, such quantities as stress, strain, and temperature are treated as continuous
ﬁelds. By contrast, atomistic models explicitly acknowledge the discrete nature of matter. Therefore,
various attempts have been done to construct multiscale coupled models and the algorithms, which can
be divided into two classes. The ﬁrst class is called ‘mixed models’ which use, concurrently or serially,
both continuum and molecular dynamics (MD) methods. Typical examples are the quasicontinuum
(QC) method[7, 8] , coarse-grained molecular dynamics (CGMD)[9] , the bridging scale method[10] , the
heterogeneous multiscale method (HMM)[11] . The second class is generalized continuum models which
are essentially non-local models of atomistic interactions developed by Eringen[12, 13] and its variation[14] .
Their diﬀerence is in the form of integral operator, and their commonness is the prior assumption of
constitutive relation.
An alternative approach for generalizing continuum model is to derive continuum constitutive equations directly from atomistic model without any prior assumptions. The strain energy density function
is directly obtained from the atoms, and then the stress-strain relationship is derived from the strain
energy density function. The most representative approach is based on the Cauchy-Born rule[15, 16] .
Their basic technique is to approximate the strain energy density by using the Taylor series expansion
of the atomistic interaction energy.
A new continuum-atomistic coupled model bypassing any empirical constitutive law and any local
homogeneous assumption is constructed by making use of representative cells of atoms directly from
transient MD results and the interaction potentials of the atoms[17] . In the model, the evolution equation
is in a form the same as momentum conservation equation in continuum theory; its mass distribution
is consistent with the continuum mass density; and its strain energy density is strictly derived from the
nonlocal nature of atomistic interactions in representative cells of atoms. A stress-strain relationship is
then derived from the variation of the energy density functional, invoking that the ﬁrst Piola-Kirchhoﬀ
stress is the work conjugate to the deformation gradient. Essentially, the new continuum-atomistic
coupled model is nonlocal and nonlinear. It is easy to reduce this model to high order strain-gradient
models and Cauchy-Born model through Taylor series expansion.
As aforementioned, the Cauchy-Born rule or diﬀerent implementations is the basis for several multiscale modeling algorithms, including the quasicontinuum method or the virtual internal bond method.
A limitation of these methods is that they are largely limited to zero temperature studies, and that the
technique is only applicable far from defects or large stress and strain gradients. An atomistic ﬁnite
element method (AFEM) has been proposed recently[18] , this approach might be implemented in building a multiscale numerical simulation framework for studying the mechanical behaviors of biological
materials. One prominent merit is that AFEM is within a uniﬁed theoretical framework of continuum
FEM, which makes combined AFEM/FEM a seamless and very eﬃcient multiscale simulation method.
Moreover, the AFEM is an order-N molecular simulation method, which is much faster than most other
existing methods. This AFEM/FEM approach has been used to study the fracture behavior of carbon
nanotube composites[19] . The mesoscopic method which connects the features of microscopic structure
to the macroscopic properties and function is also a promising approach as part of the eﬀorts bridging
the scales from the atomistic to the macroscopic scales.
Up to now, nevertheless, a multiscale coupled model or algorithm that has been universally acknowledged is still not available. Some issues in multiscale coupled model and algorithm of micro-nano-scale
computation are as follows:
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Multiscale coupled models. It should hold the facticity in physics and mechanics to a certain extent.
Untill now, are there any valid multiscale coupled models, which are reliable in theory, physics experiment
or observation of original position?
Multiscale coupled computational methods. From nano, micro, meso to macro scales, the homogenization algorithm for constitutive parameters has been established. In contrast, the algorithm on physical
and mechanical behaviors from nano, micro, meso to macro scales has many problems that deserve
further study. For example, how can we treat the boundary conditions of smaller-scale sub-domain to
transfer the information from larger-scale to smaller-scale? How to deal with the error of larger-scale
computation so as not to be propagated to smaller-scale computation and how to avoid the ghost force
in smaller-scale computation?
Eﬀectiveness of multiscale coupled algorithms: a) Is the precision of computational results acceptable
in nano-scale? b) Is computing cost and especially the computing time acceptable and suﬀerable? c)
Can the multiscale computing process and its results be repeated by anybody in any case?
Veriﬁcation of multiscale coupled simulations: a) Are there benchmark problems for examining new
multiscale coupled model and algorithm? b) Are there the results of multiscale simulation in micronano-scale which have been veriﬁed by physical experiment and engineering survey?
1.2. Structures, Defects and Deformation in Nanocrystal Superlattices
Chemically synthesized nanocrystals such as PbS and CdSe can serve as artiﬁcial atoms and selfassemble into highly ordered structures called nanocrystal superlattices (NSs)[20] . The NSs not only
exhibit quantum size eﬀect, plasmon resonance and superparamagnetism[21], but also have mechanical properties comparable to strong plastics[22] . Thus these novel materials hold promise for many
applications, including ﬁeld-eﬀect transistors, light-emitting devices, photodetectors and solar cells. A
nanocrystal appears in NS as a composite particle consisting of a crystallite core covered by an organic
ligand shell introduced in the synthetic process. The interaction between two particles is quite complicated, as it involves long-range attraction between the crystallites through van der Waals forces as well
as short-range repulsion between the ligand shells which has both elastic and steric components[23] . In
contrast to ordinary crystals, an outstanding nature of NSs is that the interparticle potential depends
on the shape and size of the nanocrystals, implying that the properties of the NSs are highly tunable.
The shape and size dependence of interaction endows unusual structures and gives rise to a number
of new mechanical phenomena of NSs. Of interest are the crystallographic structures and defects.
High-resolution electron microscopy measurements showed that a mono-dispersed NS can be facecentered cubic (fcc), body-centered cubic (bcc) or hexagonal close-packed (hcp), depending on the
size of nanocrystals[22]. The shape of a NS with small core size adopts the Wulﬀ polyhedron so as to
minimize the overall surface energy, as in the case of an ordinary crystal. However, when the size of
the nanocrystal cores is large, the Wulﬀ’s rule is completely violated, accompanied by the presence of
multiple twinning in NSs[24] . To date, the relationship between the crystallographic structure of a NS
and the size of the core is still lacking, and the mechanism for multiple twinning formation as well as
its inﬂuence on subsequent deformation of NSs remains to be explored. To answer these questions, a
systematic theory of defects in NSs, as that for ordinary crystals, may be needed.
Recently, the mechanical properties of NSs have been studied with nanoindentation measurements[22] .
A comparison of samples with diﬀerent core sizes revealed a clear trend of decreasing stiﬀness with
decreasing core sizes, opposite to the trend in colloidal crystals consisting of large polymer or silica
spheres[25, 26] . In addition, the moduli values for NSs are at least 6 orders of magnitude greater when
compared to the colloidal crystals. These reﬂect the crucial eﬀect of the ligand shells on the overall
deformations. Though the short organic ligands are much reminiscent of a polymer matrix for they
form a cohesive organic network surrounding the nanocrystal cores, the classic micromechanics theory
of composite materials cannot be used directly to predict the mechanical behavior of NSs because it
does not involve any size eﬀect. A challenging problem is how to incorporate the role of the ligand shells
in a continuum model.
The current insights into the mechanical behavior of NSs are very limited. This is extremely true
for binary (two types of nanocrystals) or ternary (three types of nanocrystals) systems which possess
more complicated periodic superstructures or even form dodecagonal quasicrystals[21]. The study in
this ﬁeld may lead to new defect and deformation theories which highlight the shape and size eﬀects
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of nanocrystal cores in NSs. Moreover, since the interparticle interaction, crystallographic structure,
defect morphology and mechanical property of NSs are all tunable by simply adjusting the shape and
size of the nanocrystals, they can also serve as an ideal prototype for the research of materials design.
1.3. Eﬀects of Surface Stress and Surface Tension
The properties of heterogeneous materials have attracted much attention in recent years, e.g., the
super-hydrophobicity of lotus leaf and the drag reduction of shark skin. Heterogeneous materials with
microstructures and heterogeneous properties have been widely used in surface science, catalysis and
nanotechnology areas and biological devices. However, it is diﬃcult to describe the surface stress due
to the complex heterogeneous surface proﬁle. In order to overcome this diﬃculty, the eﬀective surface
stress and eﬀective surface tension on the equivalent planar surface, which contain the eﬀects of complex heterogeneous surface proﬁle, have been deﬁned. In the following, we will show several potential
applications of eﬀective surface stress (surface tension) in terms of the complex surface proﬁles.
Heat pipes use surface tension developed in ﬁne porous wicks to circulate the working ﬂuid. Porous
metals prepared by dealloying have high porosity, high surface area, and good thermal conductivity which
make them a great material for heat pipe wicks[27, 28] . However, the underlying transport mechanisms,
such as ﬂuid ﬂow, phase change and heat transfer at interfaces are not well understood, nor is the
potential of reﬁning the capillary size to the nanoscale exploited in heat pipe technology. Thus, it
remains a challenge to explore nano-(micro-) porous metals as heat pipe wicks and to clarify the
underlying transport mechanisms.
Lithium ion batteries have become one of the most desirable power sources for many portable consumer applications and even for high power applications such as electric and hybrid electric vehicles.
The performance of charge and discharge and the durability of the battery are key issues that people
care. The lithium ion transport through inter- and intra-particles in porous electrodes induces the
phase transformations in the solid phase of electrodes[29] , and stresses generate due to intercalation
and phase transformation processes in the electrode particles[30] . Thus, the volume of the electrode
expands, and cracks or fractures occur in the material, which can lead to failure of the battery or even
safety hazard. From the viewpoint of porous electrode[30] , an increase in porosity of the electrode leads
to a decrease in stress and an increase in conductivity, which improves both the mechanical life and
the performance of the electrode. From the viewpoint of particle electrode, a decrease in the size of
the active material particle decreases the magnitude of stress. Meanwhile, surface energy and surface
stress signiﬁcantly aﬀect the magnitude and distribution of stress when the radius of the particle is at
the nanometer scale[31] . Therefore, an electrode with smaller particles with optimum porosity for the
desired application not only enhances the durability of the battery but also improves the performance
of the battery.
1.4. Eﬀects of Amorphous Evolution on the Behavior of Materials
Some advanced heterogeneous materials are often used under severe and harsh conditions, e.g., high
temperature high radiation[32] . These courses inevitably induce atomic-scale defects, lattice disorders,
and even amorphization in structure, aﬀecting not only virtually the physical properties but also the
mechanical performance of materials, which have attracted intensive experimental and theoretical eﬀort.
Silicon carbide (SiC) as potential material applied to nuclear systems and space stations has been
investigated to understand the disorder in amorphous SiC (α-SiC) existed in both chemical and topological structures. Chemical and short- and medium-range topological structures can be described in
terms of chemical disorder χ (χ = NC−C /NC−Si ), C/Si centered tetrahedra and C/Si sublattices, respectively. Inspection of the evolvement of chemical and topological structures in melt-quenched α-SiC
along with the quench rate proves the signiﬁcant role of chemical disorder in topological structure. A
tetrahedron-based model is proposed to describe the variation of short-range topological disorder as a
function of chemical disorder[33].
Because chemical disorder can be applied to characterize the transition of crystalline to non-crystalline
and to distinguish diﬀerent amorphous SiC networks, it is reasonable to assess the dependence of mechanical properties on microstructure by examining the variation of mechanical properties as a function
of chemical disorder. Molecular dynamics simulations of uniaxial tension and nanoindentation are
performed on a series of SiC network with varying chemical disorder. Mechanical responses and prop-
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Fig. 1. Stress vs. strain curves for α-SiC samples with
varying chemical disorder at a strain rate of 108 s−1 .
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Fig. 2. Variations of Young’s modulus and strength as
a function of chemical disorder.

erties change from structure to structure, which can be understood in light of microscopic deformation
mechanism[34] .
Investigations of structural evolvements in tension and nanoindentation processes clearly indicate
the crossover of deformation modes during the transition of crystalline to non-crystalline[35] . In tensile
deformation, with increasing chemical disorder the homogeneous elastic elongation evolves into local
plastic ﬂow dominated by uncorrelated atomic slipping. Meanwhile the brittle fracture as a result of
lattice instability evolves into nanoscale ‘ductile’ fracture preceded by the coalescence of nanocavities,
as shown in Figs.1 and 2. The introduction of chemical disorder disrupts the continuity of atomic layers.
The discontinuous atomic layer segments begin to decouple and deform independently, which is ﬁnally
replaced by local plastic ﬂow mediated by the adjustment of atomic arrangement in disordered clusters
with increased chemical disorder.
1.5. Wetting, Electrowetting and Electro-Elasto-Capillarity
The moving contact line (MCL) problem as shown in Fig.3, a typical multiscale problem for wetting
phenomenon, remains the focus of wide theoretical interest for mathematicians, physicists, chemists
and engineers, in view of both its practical importance and a great variety of physical, chemical and
mechanical factors operating on nanoscale, but inﬂuencing both macroscopic motion and interfacial
shape far from the MCL. The biggest challenge of the MCL problem is the inﬁnite energy dissipation at
the three-phase point, which leads to the famous Huh & Scriven’s paradox[36]: ‘not even Herakles could
sink a solid’. There are some possible mechanisms to solve this paradox, namely, the slip boundary, the
diﬀuse layer between the liquid and vapor, and the precursor ﬁlm, etc. Comparatively little attention
has been paid previously to the MCL problem under electrowetting (EW). The two-dimensional (2D)
propagation of the precursor ﬁlm (PF)[37] and 1D water ﬂow in nanotube[38] have drawn considerable
attentions in recent years because of their unique transport properties.
The transport properties of PF, usually a single water molecular layer propagating ahead of the
nominal contact line, in wetting and especially in EW were explored for the ﬁrst time by using molecular
dynamics (MD) and the molecular kinetic theory (MKT) in Ref.[37].
The propagation of PF obeyed the power law when droplet spreads (Fig.4(a)), supported by
experiments[39] of about R ∼ t1/7 . For the water molecules driven by the disjoining pressure on surface
atoms separated by a distance λ with a frequency K0 , the advancing velocity is:
v = 2K0 λ sinh

wV + wP + wS + wE
2ρkB T

(1)

where ρ is the surface number density, kB is the Boltzmann constant, T is the absolute temperature,
wV +wP +wS +wE is the driving work per unit area arising from the van der Waals interactions, the polar
interactions, the diﬀerent structure of PF and the electric ﬁeld, respectively. When wV +wP +wS +wE 
ρkB T , v ∼ (wV + wC + wS + wE )/ς0 , where ς0 = ρkB T /(K0 λ) represents a friction coeﬃcient. The
power law R ∼ tn(E) ﬁtted well to the MD data in EW (Fig.4(b)). The steps were caused by the
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Fig. 3. Three possible multiscale mechanisms to solve the Huh & Scriven’s paradox.

Fig. 4. The propagation of radius of PF with respect to time (See Ref.[37]) for (a) droplet spreading; (b) EW (E = 0.245
V/nm). (c) Change of n with E. The red line is n = 0.1554 when droplet spreads. (d) The path lines of water molecules
belonging to diﬀerent regions.

relaxation of water dipoles to electric ﬁeld. A critical ﬁeld Ec (∼ 0.175 V/nm) and a saturated ﬁeld
Es (∼ 0.625 V/nm) were found in Fig.4(c), supported by experimental observations[40].
The path lines of water molecules in spreading were tracked in Fig.4(d). The new ﬁndings were: (1)
The bulk water molecules, whose self-diﬀusion coeﬃcient D = 2.246 × 10−5 cm2 /s[39] , did random walk
due to thermal energy kB T . (2) The PF molecules had the lowest mobility, vibrating around one site
with D = 1.132 × 10−5 cm2 /s in spreading (∼50.4% of bulk water), D ∼10−6 cm2 /s in EW (∼6% of
bulk water). (3) The surface molecules had the highest mobility with D = 7.354 × 10−5 cm2 /s. Because
they continuously and fast diﬀused ahead of PF and was then pinned by the surface, PF propagates
fast with low energy dissipation. The path lines in EW validated this conclusion again. PF also has a
unique 2D hydrogen-bond network inside itself. These results indicate that PF actually acts solid-like,
no-slip and may be one of the answers to the Huh & Scriven’s paradox, introducing atomic details to
eliminate the inﬁnite energy dissipation due to no-slip near the contact line.
To further explore the transport properties and show the importance of PF as an example, electroelasto-capillarity (EEC) was simulated for the ﬁrst time. First, since the radius of droplet is larger than
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Fig. 5. The EEC process of a droplet on gold substrate[37] .


the elasto-capillary length LEC = B/[(1 + cos θ)γ] (B: bending stiﬀness, θ: contact angle, γ: surface
tension), the ﬂexible graphene automatically wrapped the droplet. Then, this wrapped droplet was
unwrapped under E = 0.544 V/nm along y-direction as shown in Fig.5. Because the propagation of
PF is faster than the liquid above it, as well as the solid-like property of PF, PF pushes the graphene
to unwrap with a force of the order of 1 nN/nm. So using the unique transport properties of PF, the
EEC can be realized and used for the drug delivery at micro/nano scale.
1.6. Eshelby’s Problem of Non-ellipsoidal Inclusions
Eshelby’s problem of non-ellipsoidal inclusions has recently attracted a great attention because of its
fundamental importance in mechanics of heterogeneous materials. For example, through transforming
the analysis of disturbance stress ﬁeld into algebraic operation problem, uniform Eshelby tensor of
ellipsoidal inclusion is used to greatly facilitate the estimation of the eﬀective properties of heterogeneous
materials like composite material and crystal materials[42, 43] .
Actually most inclusions (particles, holes, etc.) are non-ellipsoidal. Recently, it has been strictly proved
that the strain ﬁeld is no longer uniform within non-ellipsoidal inclusions, as Eshelby conjectured[44] .
This conclusion made two obvious observations rather disturbing:
1. Eshelby tensor has been broadly used in the literature to deal with non-ellipsoidal inclusion
problems without checking the validity of the underlying ellipsoidal approximation hypothesis.
2. As a keystone of most of the existing micromechanics schemes, Eshelby’s equivalent inclusion idea
is frequently employed to estimate the eﬀective properties of composites consisting of a matrix with
non-ellipsoidal embedded inhomogeneities, though it holds only for an ellipsoidal inhomogeneity.
For two-dimensional Eshelby’s problems of non-elliptical inclusions, Zheng et al.[45, 46] have reached
the following results: (i) except for the elliptical approximation of convex inclusions, the elliptical
approximation of non-convex inclusions may cause a large relative error and is in general inacceptable;
(ii) replacing the generalized Eshelby tensor involved in various micromechanics schemes by the average
Eshelby tensor of non-elliptical inhomogeneities is in general inadmissible. Similar results may be
obtained for three-dimensional problems, that are undergoing to study.

II. EVOLUTION OF MICROSTURCTURE
2.1. Material Heterogeneity due to Non-Equilibrium Evolution
Basically, most processes in both material fabrication (e.g., solidiﬁcation in casting of alloys, diﬀusion
and displacive phase transition, high speed metal forming and cutting) and service such as various kinds
of ﬁeld-induced phase transition processes in structural and functional materials (either traditional or
nano-structured) are intrinsically thermodynamic non-equilibrium. These processes involve, at one stage
or another, diﬀerent versions of material nonlinearity, instability and multi-ﬁeld coupling at diﬀerent
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Fig. 6. Examples showing the roles of material instability, nonlinearity and multiscale coupling.

length and time scales, and constitute the main physical origins of material heterogeneity observed in
various microstructure patterns and microstructure evolution under non-equilibrium conditions[47–49] .
Typical examples include the phenomena of rate-dependent domain spacing in phase transition patterns
of NiTi shape memory alloys[50–53] (see Fig.6) and the adiabatic shear bands in ductile metals, both of
which are due to material nonlinearity and multiscale coupling.
Fundamental understanding and development of quantitative predictive models of the material
heterogeneity and the resulting properties are of great interest for the control and development of new
technologies for material synthesis. In addition to study the mechanical consequences of the above rich
variety of micro- and sub-macro-scale heterogeneities, it is more important to understand how an initially
macroscopic homogeneous material state becomes unstable under external driving, leading to macroor micro-level emergent or self-organized structures (such as domain pattern formation and evolution).
The research in this area is extremely rich and poses a great variety of challenge and opportunity for
the solid mechanics community. The future research trend and topics include (but not limited to) the
following:
(i) Physical origin of material heterogeneity
(ii) Formation of material heterogeneity under nonequilibrium condition
(iii) Instability and nonlinearity in the formation and evolution
(iv) Multi-physics (ﬁelds) coupled process and with multiscale (time and length scales) coupling and
interaction
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(v) Process involving multiple length scales, for example: grain-size dependent stress hysteresis in
stress-induced phase transition and emergent length scale of deformation patterns.
2.2. Microstructure Theory of Metals
A polycrystal is an aggregate of tiny crystallites separated by grain boundaries. Since crystal lattices
are often anisotropic, elastic and plastic properties of crystals diﬀer in its orientation, which makes the
elastic and plastic properties of the polycrystal depend on not only the chemical composition but also
the crystallite orientation distribution. The orientation distribution of crystallites in the polycrystal can
be described by the orientation distribution function (ODF)[54, 55] . The ODF can be expanded under
the Wigner D-bases. The expanded coeﬃcients in the ODF are called the texture coeﬃcients.
The early work on the elastic constitutive relation of polycrystals is due to Voigt and Reuss. The
early study on polycrystalline plasticity is due to Sachs and Taylor. Under Sachs’ model and Reuss’
model, all crystallites in the polycrystal are assumed to have the same stress. For Voigt’s model and
Taylor’s model, all crystallites in the polycrystal experience the same deformation. Man obtained an
expression of constitutive relation for an orthorhombic aggregate of cubic crystallites[56] . Unlike Voigt’s
model and Reuss’ model, the Man’s expression is model independence.
The self-consistent method can ensure the traction continuity and the deformation compatibility
among crystallites in a mean sense. Since Eshelby tensor is employed in the self-consistent method, the
crystalline mean shape of the polycrystal is elliptic. Huang et al. employed the crystalline shape function
to derive the elastic constitutive relation of the polycrystal with the eﬀect of crystalline mean shapes[57] .
Man and Huang et al. derived the constitutive relation of a weakly-textured orthorhombic aggregate
of cubic crystallites with eﬀects of microstructure and initial stress[58, 59] . By means of the constitutive
relation, electromagnetic transducers and piezoelectric transducers have been used to measure the
microstructure and initial stress of sheet metals online.
Hill proved that Voigt’s approximation and Reuss’ approximation are an upper bound and a lower
bound of elastic constitutive relation, respectively. For isotropic aggregates of cubic crystallites, Hashin
and Shtrikman derived lower and upper bounds for the eﬀective stiﬀness tensor, which are tighter than
the lower and upper bounds provided by the Reuss model and Voigt model, respectively. Huang and
Man[60] provide lower and upper bounds of the eﬀective stiﬀness tensor for weakly-textured aggregates
of cubic crystallites.
Man[61] and Man and Huang[62] proposed the expressions of the yield function and r-value on a
weakly-textured orthorhombic aggregate of cubic crystallites which include the eﬀects of the ODF up
to terms linear in the texture coeﬃcients. The r-value of a sheet metal is a measure of plastic anisotropy
frequently used for prediction of performance in deep-drawing.
2.3. Micromechanical Damage Mechanics
The ductility, strength and fatigue life of materials are always a topic for which mechanical and
material engineers show great concern. It has already been realized that the mechanical properties of
materials are closely related to their microstructures, and great eﬀort has been made on it in the past
decades, of which much eﬀort was made on the eﬀect of the characteristic size of micro/meso structure
on the strength of the materials. The studies of damage mechanics have achieved signiﬁcant progress
and contributed to the developments of engineering and technology[63].
Recently, Peng et al.[64] investigated the ductility, strength and fatigue life of lamellar two-phase
materials from the viewpoint of microstructure damage. Taking pearlitic steel as an example, it is
composed of numerous randomly orientated colonies, and each colony is further composed of many
alternatively arranged parallel ﬁne lamellas of ferrite and cementite. It possesses excellent mechanical
properties, such as high rupture strength, good resistance against wear, and long fatigue life, etc.[65–68] .
Systematic experiments on the mechanical properties of pearlitic steel PD3 of diﬀerent interlamellar
Table 1. Mechanical properties of pearlitic steels with diﬀerent interlamellar spacing

Material states
Hot-rolled
On-line quenched

h (nm)
254
136

σb (MPa)
1100
1260

δ (%)
7
15

N (106 cycles)
1.30
3.18
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spacing h but similar size of pearlitic colonies were made by Sheng et al.[66, 67] , and the main results
are shown in Table 1. It was found that the ultimate strength σb , elongation ratio δ and contact fatigue
life N increase remarkably with decreasing h (regarded as the most important characteristic size of its
microstructure).
The size eﬀect on the strength, ductility and fatigue life of pearlitic steel was investigated by Peng et
al.[64] with a microstructure-damage analysis and a micro–macro approach. Assuming diﬀerent patterns
of microdefects in diﬀerent phases in the RVE, as shown in Fig.7, a uniﬁed damage evolution law was
derived as
Δdk = λk σ k : (Δεk − Δεek )h
(2)
with λk a material constant determined by the volume fraction, the energy release rate and the fraction
of the energy dissipated on the damage in the phase k. It indicates that damage develops slower in
the material with smaller h, accounting for why the material with smaller h possesses higher rupture
strength, better ductility and longer fatigue life.

Fig. 7. RVE of pearlitic colony with diﬀerent patterns of microdefects.

The damage as well as its evolution was embedded in the constitutive model for each individual
phase. The description for the elastoplastic and damage behavior of a single colony was then derived,
taking into account the interaction between phases. The constitutive model for the lamellar two-phase
material was ﬁnally obtained with the self-consistent scheme, taking into account the interaction between
colonies.
The responses of the pearlitic steel with diﬀerent h were analyzed. Figure 8 shows that the material
with smaller h possesses batter strength and ductility, well replicating the experimental results (Table
1). Figure 9 shows the ratcheting of the materials subjected to asymmetric tension/compression cycling,
which implies that the material with smaller h possesses longer fatigue life.

Fig. 8. Size-eﬀect on strength and ductility.

Fig. 9. Ratcheting under asymmetrical cyclic loading.
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Another class of typical damage mechanisms at meso scale is the nucleation, growth and coalescence
of microcracks. Based on the concept of orientation domain of microcrack growth (DMG), Yu and
Feng[69] established a micromechanics damage model for microcrack-weakened quasi-brittle solids. This
model accounted for the eﬀects of various damage mechanisms, e.g., stable and unstable propagation of
microcracks under tension, frictional sliding and kinking of microcracks under compression. In addition,
Feng et al.[70] suggested a micromechanics method for calculating the interaction of microcracks of a large
number and/or a high density. They calculated the eﬀective elastic moduli of elastic solids containing
microcracks with random or aligned orientations and studied the size dependence of failure of brittle
materials due to the stochastic nature of disordered microcracks. Ren et al.[71, 72] extended the above
work to the case of elliptic crack, and applied it to the analyses of rock-like materials subjected to
triaxial compression and coupled tension and shear loadings. Ma et al.[73] examined the inﬂuences of
such factors as non-uniform dispersion of microcracks on the eﬀective elastic moduli and strengths of
microcracked solids. They also adopted this method to calculate the strength of a microcracked beam
subjected to bending and extended the above numerical method to study the coalescence of microcracks
and the associated fracture process of elastic solids containing many microcracks.
Issues remained:
(i) What is the real mechanism of the size eﬀect? Besides the proposed approach, the traditional
Hall-Petch relationship, which can be related to the packing of dislocations, has also been extended
to sub-micron and nanometer size of grains. The plastic strain gradient theories can also describe size
eﬀect, but the physics background and determination of the adopted characteristic length need further
investigation, especially when the characteristic size of materials reduces to sub-micron or nanometer
scale.
(ii) During the development of multiscale modeling, ‘there is a particular shortage of dedicated
experiments which can be used to gain physical insight and to interact with model developments’,
because there are diﬃculties to separate each phase from the material without changing its characteristic
size, its in-situ residual stress and strain, and its internal structure, for instance, microdefect states
and evolutions, and in turn, the realistic independent constitutive behavior of each individual phase.
Although nano-indentation may provide some information of some individual phase at constrained
states, the inverse approaches as well as their eﬀectiveness and uniqueness of results need further
investigation.
(iii) For some multi-phase materials, e.g., nano-grained NiTi shape memory alloys, the constitutive
responses under diﬀerent states of stress (e.g., pure tension, pure compression or pure shear) are distinctly
diﬀerent, which do not following any existing equivalent rules[74, 75] . Although the formulation from
transformation kinetics of martensite variants could partly account for the diﬀerences, it failed to
cover the marked diﬀerences, even between the response under pure tension and that under torsion.
Distinct diﬀerence between surface morphologies of specimens under diﬀerent states of stress was
observed[74, 75] , implying the diﬀerence in microstructure, with which, an microstructure based approach
has been developed to account for such diﬀerence[76] . However, more eﬀorts are needed for the in-depth
investigation.
(iv) Multiscale modeling of materials of nanometer scale microstructure. Nano-multilayered coatings
composed of two diﬀerent metallic-nitrides is a kind of promising coatings with extremely high hardness,
in which the thickness of each layer is only several nanometers. It was found that the hardness of nano
multilayered TiN/VN can reach about 56 GPa[77–79] , much larger than that of any of its host constituents.
However, the mechanism for such excellent property remains unclear, though some hypotheses, such as
lattice mismatch, modular diﬀerence, coherently epitaxial growth, Hall-petch eﬀect, etc. have already
been suggested. In order to gain an insight into the constitutive behavior of such nano-multilayered
coatings, an multiscale approach is necessary, which may cover atomistic, quantum mechanical, mesoand macroscopic scales. Taking TiN/VN nano-multilayered coating as an example, through a thorough
analysis of the electronic property and bonding conﬁguration at the TiN(111)/VN(111) interface with
atomistic ﬁrst-principles calculations, the electronic states near the interface were characterized, the
interfacial bonds are found to be mainly ionic, and potential function of the newly formed interfacial bonds
and the elastic properties of the host constituents were obtained[80] . The mechanical properties of the
coating and their dependence on the characteristic size of the microstructure are to be investigated with
an MD approach, based on which, practical macroscopic model should be formulated for engineering
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application. This approach may encompass the knowledge that can hardly be obtained directly in
experiment, and provide information for the design and modelinig of such kind of materials.
(v) Microstructure based multiscale modeling for the properties of heterogeneous materials is a key
interface between materials science and mechanics. How can mechanics use more quantitative materials
information in modeling and how can materials science and physics push mechanics into greater ﬁdelity
and reality with regard to mechanisms? What are the tradeoﬀs?

III. MECHANICS FOR MULTI-FIELD COUPLED BEHAVIOR
3.1. Multi-Fields Actuations of Liquid Crystal Polymer Networks
Smart materials are distinguished by their ability to deform and consequently to generate mechanical
energy under external stimuli other than mechanical means. Typical examples are shape memory alloys
(such as TiNi) by thermal actuation, ferroelectric ceramics (e.g. BaTiO3 , PZT and PLZT) by electric
ﬁeld, and giant magnetostrictive materials by magnetic ﬁeld. These materials have to be well designed
to be activated by proper ﬁelds.
Liquid crystal polymer networks (LCNs) are cross-linked polymer materials with liquid crystal (LC)
molecules in their main or/and side chains[81] . Since the LC molecules can be easily activated by thermal,
electric, magnetic, chemical and optical ﬁelds, LCNs are an ideal material system that can be designed
as smart materials with multi-ﬁelds actuations.
The possible unusual mechanical behavior of LCNs was ﬁrstly predicted by De Gennes[82] . The
nonlinear mechanical behavior called soft and semi soft elasticity was brought to light for the mechanical
community by the review of Warner[83] and attracted since then quite a few interests in modeling and
simulations[84–87] . The unique actuation by UV light of specially designed LCN systems[88, 89] opened
a new perspective to build remote controllable actuators and tetherless micro machines[90] . The optomechanical eﬀect is a consequence of three processes occurred in diﬀerent time and space scales[87] . The
ﬁrst process is the photoisomerization of certain photochromic molecules, e.g. Azobenzene, followed by
diﬀerent isomers triggering the collective reorientation of the LC molecules so to induce a LC phase
transition. In the ﬁnal process stage, macroscopic deformation of the polymer network is induced by
the reoriented LC molecules which are linked to the network through ﬂexible spacers. Ferroelectric and
antiferroelectric LCNs are reported with excellent electric-mechanical couplings[91] . Mechanical-optic
eﬀects have been studied with such promising applications as smart optic devices[92] .
As a typical soft material, the eﬀect of entropy has to be considered in order to understand the
behavior of LCNs. The change of entropy is related to a change of the ordering of loosely bounding
molecule systems such as LC molecules, polymer molecules, etc. This costs very little energy and the
change of ordering in one space scale can be easily and often rather quickly transferred to other scales.
Thus, the entropy is the key of the interesting phenomenon observed in LCNs. The present modeling is
mostly phenomenological by introducing some internal variables to describe the molecule structures and
to insert them into the free energy function of the materials through ad hoc assumptions. Such models
can simulate quite a lot of interesting phenomena observed in LCNs. However, a model that can help
to clarify the characteristics of the processes in diﬀerent scales is very useful to better design of more
eﬀective materials. Future work should focus on multiscale models based at least partly on statistical
calculations of the entropy. Bottom up models are still too costly for such complicated systems but can
give very useful information for the multi processes occurred in diﬀerent space and time scales.
3.2. Mechanics of Materials under Radiations
Radiations are particularly strong in space and in nuclear reactors. The mechanical behavior of
materials in a strong radioactive environment is generally very diﬀerent from that in normal conditions.
With the number of nuclear power plant built in China increasing, the safety and longevity of the power
plants become a serious issue for mechanics research. One of the key points is to understand and to
model the irradiation eﬀects of materials. From their applications, materials in nuclear engineering and
technology may be divided into two main categories: nuclear fuels and nuclear materials. Nuclear fuels
are materials with radioactivity and are used as fuels to produce energy in nuclear reactors. Typical
examples are UO2 used in most commerce power plants as the fuel elements. Nuclear materials are all
other materials used in nuclear environments such as stainless steels, zirconium and zircaloy. Zircaloy
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is widely used as the cladding of nuclear fuels and thus is exposed to most severe radiation conditions.
Various types of stainless steels are used as structure materials inside nuclear reactors.
Nuclear fuels and materials behave very diﬀerently. The following issues have to be considered:
(i) Very severe operation conditions of high temperature, high pressure and strong corrosion. Thus,
thermal stress is generally very large[93] and the corrosion fatigue has to be considered together with
the stress fatigue.
(ii) Evolution of material properties due to irradiation. Almost all mechanical properties of materials
such as the elastic modulus, strength and extensibility, vary signiﬁcantly when subject to irradiation
of energetic particles. Thus, the constitutive equations have to be taken as time and space dependent.
A more feasible way is to introduce an internal variable into the constitutive equations to represent the
radiation damage[94]. Ductile materials can transform to behave very brittle after irradiation and thus
change the fracture characteristics as well.
(iii) Eﬀect of new materials produced by nuclear and chemical reactions. For example, inert gases
such as Helium are produced inside nuclear fuels due to nuclear reactions. The presence of the ﬁssion
gas aﬀects the mechanical properties of the fuel materials very strongly[93].
3.3. Micromechanics of Heterogeneous Materials
The art of material design is built upon reliable quantitative relations between the microstructure
and macroscopic behavior of materials. To establish such relations, we usually search for a homogeneous
material to replace a heterogeneous one so that the two are deemed to have similar (if not the same)
behavior. For some macroscopic quantities (e.g., like stiﬀness, conductivity and thermal expansion) which
are insensitive to microstructure arrangement, classic micromechanics methods can provide reasonably
accurate predictions. For other macroscopic quantities such as strength, plasticity and damage, however,
they are sensitive to the actual detailed conﬁguration of microstructures and the micromechanical
methods usually fail to give a precise prediction[95] . The reason originates from the framework of
micromechanics itself. Because the macroscopic quantity is deﬁned by spatial or ensemble average of the
local corresponding one, this needs the microstructure to be statistically homogeneous. For composites
with evolving microstructure under external loading, e.g., shear band formation due to plasticity and
macro-crack formation by overwhelming small ones, the statistical homogeneity is lost. Therefore, it is
a ﬁeld to be explored as to how to put more microstructure information into micromechanics models
while retaining its analytical nature.
When the microstructure size is comparable to the macroscopic one, coupling between micro- and
macro-levels becomes more pronounced, giving rise to various size eﬀects[96] . It is well accepted that
high order continuum models can describe this size eﬀect in a phenomenological way. However, the
intrinsic length scales introduced into the high order continuum models are still waiting for a clear
and decisive explanation from micromechanics and experiment points of view. Some eﬀects have been
made by considering the nonlocal eﬀect of composite materials[97] or by imposing particular boundary
conditions over a representative volume element[98–100] . Indeed, the intrinsic length scales are related to
the local material microstructure and its spatial distribution. However, work along this vein is far from
complete. More eﬀort is necessary to derive these length scales from local information in a more general
context. Most experimental investigations on the size eﬀect are conducted in an indirect manner. More
simple while decisive experiments are needed to explore the origin of size eﬀects.
As a kind of energy propagation, wave propagation phenomenon has an important impact on engineering applications, e.g., stealth technology, energy harvesting and noise isolation. By tailoring the
microstructure, we can control wave propagation in a desired way. The recent advances in metamaterials (composites with unusual macroscopic property due to local resonance) provide an unprecedented
way for wave control[101, 102] . For such materials with the feature of local resonance, the wave length
is usually comparable to the microstructure size necessary for homogenization and nonlocal eﬀect may
become important[103] . It is thus necessary to develop a dynamic micromechanics tool for the design
of metamaterials.

IV. MECHANICS AND BIOMIMETICS OF BIOLOGICAL MATERIALS
Through many millions of years of evolution, living organisms have developed various materials with
superior mechanical properties to achieve diﬀerent biological functions. These materials exhibit struc-
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tural hierarchy from nano, micro to macro scales. For examples, bones, teeth, and shells are hierarchical
biological nanocomposites with nanostructures made of mineral crystals and protein. Wood and silks of
spiders and cocoons have similar structural hierarchy with nanostructures out of crystalline and amorphous bio-polymers. While diﬀerent biological nanocomposites diﬀer widely in their microstructures
and can dynamically adapt to changing environment. They exhibit convergent evolution in the form
of a network of interspersed hard and soft phases at the nanostructure level; the hard phase provides a
basic structural scaﬀold for mechanical stability and stiﬀness, while the soft phase absorbs mechanical
energy and provides toughness, support, and damage buﬀer for the composite[104–106] .
The hierarchical structure of biological materials is assumed to have gradually developed and improved over the long course of natural evolution to maximize the chance of survival of various living
creatures. In this evolution, mechanical forces have no doubt played critical roles in shaping biological
systems into what they become today. Inspired by the superior mechanical properties of the biological
materials, many intensive researches have been conducted in the past few decades to pursue the basic
mechanisms and principles behind the design of the hierarchical structures from the nanoscale. Brief
review on recent progress on these studies will be given in the following by categorized by the biological
nanocomposites, the biological adhesive surfaces and the biological water-repellent surfaces.
4.1. Biological Nanocomposites
Regarding the biological nanocomposites, signiﬁcant progresses have been made in understanding
of high toughness of biological nanocomposites from various points of view including their hierarchical
structures, the mechanical properties of protein on stress redistribution and energy dissipation, proteinmineral interface roughness and reduction of stress concentration at a crack tip, mineral bridges on
the surface of mineral platelets[107] . A tension-shear chain (TSC) model was suggested to capture the
essential features of load transfer and deformation in the protein-mineral nanostructure of the bone-like
materials[104] . This simple model has been used to address why the elementary structure of biocomposites
is designed on the nanometer length scale, suggesting a ﬂaw tolerance concept for the design of strong
materials. Other progress includes the strength of protein-mineral interface, and how the toughness,
the elastic stability and other mechanical properties are related to the nanostructure[105] .
Nacre, a type of natural biomineralized materials, is well known for its excellent mechanical properties
generated by its unique microarchitecture, in particular, its high toughness, and it has, thus, become
an attractive target for the microstructural design of toughened synthetic ceramics. However, the
understanding of the physical mechanisms underlying the mechanical behaviors of nacre is still elusive.
Song et al.[107] conﬁrmed the existence of nanosized mineral bridges in the organic matrix layers of nacre
and proposed a distribution law of the mineral bridges. They demonstrated that the mineral bridges
can increase the strength of the organic matrix layers by about 10 times. Recently, the eﬀect of a
negative Poisson ratio is experimentally revealed in the tension deformation of a nacre sample[108] . This
eﬀect can increase the volume strain energy per unit volume by 1100% and, simultaneously, decrease the
deformation strain energy per unit volume by about 44%, so that it eﬀectively enhances the deformation
capacity by about 1 order of magnitude in the tension of the material. It also shows that the physical
mechanisms producing the eﬀect are attributed to the climbing on one another of the nanostructures
in the natural material, which provides a guide to the design of synthetic toughening composites.
Dai and Yang[109] studied the macro/micro-structures and mechanical properties of the elytra of
beetles. Their SEM images show the similar geometric structure in transverse and longitudinal sections
and multilayer—dense epicuticle and exocuticle, followed by bridge piers with a helix structured ﬁbers,
which connect the exocuticle to the endodermis, and form an ellipse empty to reduce the structure weight.
The elastic modulus and the hardness are topologically distributed and the mechanical parameters of
fresh elytra are much higher than those of dried elytra. The tensile strength of the fresh biological
material is twice that of dried samples, but there is no clear diﬀerence between the data in lateral and
longitudinal directions[110] . Coupling forces measured are 6.5 to 160 times of beetles’ bodyweight, which
makes the scutellum very important in controlling the open and close of the elytra[111] . The results
provide a biological template to inspire lightweight structure design for aerospace engineering.
The mouthparts of female mosquitoes have evolved to form a special proboscis, a natural biomicroelectromechanical system (BMEMS). Kong and Wu[112] shows that the mosquito proboscis consists
of a small bundle of long, tapering, feeding stylets that are collectively called the fascicle, and a large
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scaly outer lower lip called the labium. During blood feeding, only the fascicle penetrates the skin while
the labium buckles back to remain on the surface of the skin. The mosquito does not directly pierce its
fascicle into victim’s skin, instead, uses the maxillae as a variable frequency micro-saw with nanosharp
teeth to advance into the skin tissue. This elegant BMEMS enables the mosquito to insert its feeding
fascicle into human skin using an exceedingly small force (tens of micro-Newtons).
Biological protein material such as silkworm silk, spider silk, keratinous horn and protein matrix in
nacre, plays important roles in providing mechanical functions to biological systems due to its superior
mechanical properties. Zhao et al.[113, 114] studied hierarchical structure and mechanical properties of
silkworm cocoons and silks. A cocoon is a natural polymeric composite shell made of a single continuous
silk strand with a length in the range of 1000-1500 m. Coated by a layer of sericin, a raw silk ﬁber
consists of two ﬁbroin brins bonded together. Interestingly, the elastic modulus, strength and thermomechanical parameters of a cocoon vary along the thickness direction of a cocoon in an apt manner,
further enhancing its ability to resist possible attacks from the outside. Moreover, their experimental
results and statistical analysis on the properties of silkworm silk showed that the diameter and mechanical
properties of silk have signiﬁcant variabilities at both the intraspeciﬁc and intraindividual levels, and
distinct size eﬀects were observed in the properties of silkworm silk. In addition, Li et al.[115] studied
another type of protein materials, keratinous horn shell. The microstructure and properties of keratinous
horn shell interestingly show that, on one hand, the cattle horn sheath keratin has a laminar structure
consisting of ﬂattened, curved dead keratinﬁlled epithelial cells; on the other hand, the horn sheath
exhibits very high fracture resistance, which is critical for maintaining its biological functions. Its mean
KIC varies from 2.56 MPa m1/2 at 19% water content to 4.76 MPa m1/2 at 8% water content. Somewhat
surprisingly, the KIC of the horn sheath is of the same order as that of bone and abalone sheath, and
it exceeds those of the enamel and dentin in teeth.
Recently, Zhao et al.[116] compared the microstructure and mechanical properties of Haliotis discus
hannai Ino (abalone shell) and Hemif usus tuba conch shell. Their results indicate that the size of
inorganic substance is not a dominant factor to improve strength, while both proteins in shells and the
microstructure of inorganic matter also play important roles. Further, Zhang et al.[117] compared the
microstructures and mechanical properties of honeybee and silkworm silks.
The Possion’s ratio of the soft matrix in biocomposites is usually very close to 0.5, which implies the
bulk-incompressibility. Recently, Liu et al.[118] found the Possion’s ratio can play an important role in
compression resistance of biocomposites, and the incompressible soft matrix can convert deformation
mode like a hydraulic machine. Moreover, when the Possion’s ratio approaches 0.5, many well-known
estimations on stiﬀness might be improper[119] .

4.2. Biological Water-Repellent Surfaces
Nature has also evolved various forms of hierarchical surface structures. For example, the adhesive
hairy structures on the foot of ﬂies, spiders, and geckos, which allow for instance the gecko to adhere to
and move along freely on the vertical wall and ceilings; the superhydrophobic anti-adhesive structures of
plant leafs and the hairy structures of insects, which allow the plant leaves to be highly water-repellent
and insects like water strider to walk on water via surface tension. These biological surface structures
are also hierarchically structured from nanoscale up to macroscopic scale.
Classical theory indicates that large pressure drops are required to cause ﬂuid ﬂow in micro- and nanochannels. The motivation for exploring methods to decrease the required pumping power in microﬂuidic
applications is thus considerable[120]. One promising avenue is the so-called superhydrophobic surfaces,
which were initially inspired by the unique water-repellent properties of the lotus leaf and can be employed
to produce drag reduction in both laminar and turbulent ﬂows, reducing the viscous dissipation in the
microﬂuidic devices. Microfabrication techniques permit the manufacture of such patterned surfaces as
posts, cavities, or others, over which the liquid surface remains suspended due to the eﬀect of surface
tension. Water will slip on the shear-free air-water interface supported. A slip length over 10∼100 μm
can be achieved, much larger than the mean free path predicted ﬁrst by Maxwell. To date, although
the performance trends are generally understood, only a small subset of possible surface geometries has
been investigated. There must be critical hydro-pressure that can be supported before the air-water
interface is driven into the space between the surface roughness. Surface optimization must be carried
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out to develop surfaces capable of maintaining an interface and performance under large hydro-pressures
if the superhydrophobic surface is to become mainstream[121] .
Two widely adopted models that connect surface roughness and hydrophobicity are Wenzel’s model
and Cassie-Baxter model. In the so-called Wenzel state, water forms seamless contact with a surface and
the contact angle changes with the surface roughness. In contrast, the Cassie state refers to water forming
incomplete contact with a rough surface with air trapped between the liquid and solid. Experimental
and theoretical studies have shown that the Cassie state is more reasonable for the Lotus eﬀect in view
of its incomplete contact and relatively weak adhesion with water droplets. A number of studies have
attempted to investigate the stability of the Cassie state and the transition between the Cassie state
and the Wenzel state. Recently, Zheng and his colleagues performed a rigorous study on the stability,
metastability and instability of the Cassie and Wenzel states with periodic micropillars model[122] ,
revealed the structural stability eﬀects on self-assembling of carbon nanotube ﬁlms[123] and two-scale
lotus’ structural surfaces[124] . They found through theoretical and experimental studies that scalingdown roughness into the micro-submicron range is a unique and elegant strategy to not only achieve
superhydrophobicity but also to increase its stability against environmental disturbances[125] . The
quantitative understanding of the question why the biological surfaces are hierarchically structured
from nanoscale was recently pursued[124, 126–128] .
Wu et al.[129] studied the ﬂoating mechanics of mosquito and the micronanostructured surfaces of
mosquito’s legs. They found that the mosquito’s legs are covered by numerous scales consisting of
the uniform microscale longitudinal ridges and nanoscale cross-ribs. Such special hierarchical delicate
structures on the insect leg surface give a water contact angle of ∼153◦ and give a surprising higher
water-supporting ability. Experiments showed that a single leg of the mosquito gives rise to a watersupporting force of about 23 times as large as its body weight, compared with a water strider’s leg
giving a water-supporting force of about 15 times as large as its body weight[130] .
4.3. Biological Adhesive Surfaces
Adhesion systems in biology, including those of gecko and many insects, have attracted signiﬁcant
attention in recent years. In studying of the gecko adhesion system, Artz et al.[131] suggested a contact
splitting concept to explain the mechanism of gecko achieving high adhesion ability through hairy
surface structure. Later, the nanometer size of the most terminal hairy structures of gecko, was found
to be responsible for allowing the hairy structures to achieve maximum adhesion strength and become
insensitive to variations in the tip shape[132] and crack-like adhesion ﬂaws in the contact regions. Gao
and Yao[132] showed that structural hierarchy plays a key role in robust adhesion: it allows the work
of adhesion to be exponentially enhanced with each added level of hierarchy. Reversible adhesion has
been studied at the level of a single seta of gecko. Gao and Chen[133] , Chen and Gao[134, 135] found
that the asymmetrical alignment of seta allows the pull-oﬀ force to vary strongly with the direction
of pulling. More recently, Chen et al.[136] generalized the adhesive contact model by accounting for
the eﬀects of elastic anisotropy. Their ﬁnding provides a feasible explanation of why most biological
adhesive tissues are anisotropic. Chen et al.[137] developed the adhesive contact model for a typical
bio-mimetic graded elastic material, whose Young’s modulus varies with depth according to a power
law. Closed-form analytical solutions were established for the critical force, the critical radius of contact
area and the critical interfacial stress at pull-oﬀ. To study the size eﬀects and micro-mechanisms in
bio-adhesion, Chen et al.[138] studied the adhesive strength for a single ﬁber and ﬁbrillar structure.
They found a limited region for the radius of a viscoelastic ﬁber under which the normal and tangential
contact interface strength would achieve the theoretical one, and the total adhesion strength for a ﬁbrillar
structure could be improved by tuning its geometrical parameters. Peng et al.[139] proposed a peeling
model to analyze the peeling properties of bio-mimetic nano-ﬁlms for understanding the micro-adhesion
mechanisms of biological systems, e.g., gecko.
In contrast to the dry adhesion via van der Waals force, the ‘wet adhesion’ uses the capillary force
via liquid bridges between the biological surfaces and the substrate, which has been widely adopted by
many insects and animals from beetles, ﬂies, spiders, to geckos/lizards and tree frogs. Recent experiments evidenced the signiﬁcant contributions of capillary force to the adhesion of geckos. The presence
of water also strongly aﬀects the adhesion of geckos by measuring the adhesion force. Therefore, geckos
can use both van der Waals force and capillary force to enhance their adhesion. In comparison with
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van der Waals force, the capillary force is a long range force and can take eﬀect at a larger scale.
4.4. Perspectives
The mechanical principles of biological systems can play an important role in helping address some
of the major challenges in materials sciences and engineering. Understanding these principles requires
systematic studies on how biological structures adapt to internal and external forces. A strong interdisciplinary approach is needed to extract the basic concepts and principles from the apparent complexity
of nature. Here we will discuss some aspects of the challenging ﬁelds as follows.
4.4.1. Mechanical principles in design of biological hierarchical materials
The key for the remarkable properties is the complex hierarchical structure of the natural materials
built from nanoscale. One of the important objectives of materials sciences and engineering has been
to understand the relationships between microstructure of materials and their macroscopic mechanical
properties. From this point of view, knowledge about the structures and mechanical properties of
biological systems are signiﬁcant to materials research. In principle, living organisms should strive for
eﬃcient use of materials through optimized structure design; they should not waste valuable energy
resources on developing and maintaining structures or materials which either function ineﬃciently or
have no function at all. Structures that function abnormally or ineﬃciently are gradually eliminated
or replaced by more eﬃcient ones during the course of evolution. Those that are found to work are
continuously optimized, allowing the organisms to adapt better to the environment. These optimizations
are generally regarded as strong hints that some properties important for the survival of an organism
have been optimized.
Nano- and micro-technologies promise to enable mankind to eventually design materials using a
bottom-up approach, i.e. to construct multi-functional and hierarchical material systems by tailordesigning structures from atomic scale and up. Currently, there is no theoretical basis on how to design
a hierarchical material system to achieve a particular set of functions. The eﬀorts aimed to extract
the basic mechanical principles of multiscale and multifunctional materials design are in the frontier of
materials sciences and engineering. It is hoped that this paper could stimulate some further interests
in this emerging research ﬁeld.
4.4.2. Multiscale theoretical and numerical methods
From a theoretical viewpoint, major challenges are the development of new materials theories that
overcome the barrier that currently separates the scales to fully understand multiscale or cross-scale
interactions. Future studies should address the questions, e.g., how to connect the microstructures at
diﬀerent scales and the macroscopic mechanical properties of the materials? How does Nature design
materials that are lightweight and yet tough and robust and can serve multiple objectives? What are the
roles of diﬀerent kinds of forces, such as the van der Waals force, Casimir force, capillary force, electronic
static force, etc., at diﬀerent length scales? How do universality and diversity integrate into biological
structures? What will and can our impact be, in a long perspective, in understanding fundamental
biology and developing biomimicking materials?
The presence of hierarchical structures calls for new paradigms in thinking about the structureproperty relationship. Predicting the properties and behaviors of materials by computer simulation
from a fundamental perspective has long been a vision of computational material scientists. The key
to achieving this goal is utilizing hierarchies of paradigms that connect macrosystems to the basic
building blocks. Such approaches should build mutual ‘talk’ between diﬀerent spatial and time scales,
and take into account the interaction of diﬀerent phases, e.g., the organic and inorganic phases, at
their interface, by developing uniﬁed frame work including the continuum approaches, the molecular
dynamics simulation methods (e.g., the atomistic and the coarse-grained) featured by diﬀerent force
ﬁelds and quantum mechanics simulation method, to bridge diﬀerent spatial and time scales.
4.4.3. Measurement and characterization of the biological materials at diﬀerent scales
Now experimental techniques have gained unparalleled accuracy in both length and time scales,
as reﬂected in development and utilization of Atomic Force Microscope (AFM), optical tweezers or
nanoindentation to analyze biological materials. At the same time, modeling and simulation have
evolved into predictive tools that complement experimental analyses. For studying of the biological
hierarchical material, it is desirable to develop tools that can access the microstructures of materials
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starting from the smallest scale, e.g., the atomistic scale, to reach all the way up to macroscopic scales,
by characterizing structural features at each scale.
However, there are many challenges that make developing these experimental tools extremely diﬃcult.
For example, bond energies of many crucial interactions in biological materials are often comparable
to the thermal energy, as for instance in the case of hydrogen bonding, van der Waals interaction and
static electronic interaction, etc. Biological materials show highly viscoelastic, since their response to
mechanical load is intrinsically time-dependent. In many cases, biological materials contain extremely
compliant structures, in which entropic contributions to free energy are important. Many interactions
or forces which are not taken into account at macroscopic scales are no longer negligible, and should
have signiﬁcant eﬀects on the measurements. Many material properties are size dependent and can vary
signiﬁcantly across various length scales. Quite often, the size eﬀects are very strong and possibly utilized
systematically to ensure physiological functioning of the material in its biological context. However,
why and how these size eﬀects are exploited within this context remains less understood.

V. PHONONIC CRYSTALS AND MANIPULATION OF ELASTIC WAVES
5.1. Phononic Crystal and its Unique Feature—Bandgaps
Since Kushwaha et al.[140] proposed the concept of ‘phononic crystals’ (PCs), marked success has
been achieved in both theoretical and experimental studies for this kind of artiﬁcial acoustic functional
materials. PCs, also termed ‘acoustic bandgap materials’, are composite media composed of periodic
arrays of two or more materials with diﬀerent mass densities and elastic properties. The constitutive
materials may be either solid, liquid or air; the periodicity of the structures may be in one-, two- or
three-dimension with the scatterers being layers, cylinders and particles respectively. The unique feature
of PCs is that they may exhibit complete (or absolute) bandgaps in their transmission spectra where
the propagation of acoustic or elastic waves is strictly forbidden in all directions (if not in all directions,
then we have directional bandgaps). Two mechanisms can lead to complete acoustic bandgaps. One is
the Bragg scattering in periodic systems. Symmetry, periodicity and order of the periodic system are
all important to the existence of a ‘Bragg-type gap’. To obtain a low-frequency gap, the size of the
crystal must be large enough (even several meters in some cases). This limits the application of the
PCs in low frequencies (say lower than 1 kHz). In addition, the requiring of the strict periodicity also
brings the diﬃculty in manufacturing of the crystals. In 2000, Liu et al.[141] reported a new PC based
on the localized resonance which is now regarded as another mechanism leading to bandgaps. They
fabricated the crystal by arranging centimeter-sized lead balls, which were coated with 2.5 mm layers
of silicone rubber, in an 8×8×8 simple cubic crystal with a lattice constant of 1.55 cm with epoxy
as the hard matrix material. Two band gaps near frequencies of 400 Hz and 1350 Hz, which are two
orders of the magnitude lower than the Bragg diﬀraction threshold, were observed by both experimental
measurement and numerical calculation. This opens a way to application of PCs in low frequencies.
The existence of a ‘resonance-type gap’ is determined by the resonance of the scattering unit and is
independent of order, periodicity and symmetry unless there is a high concentration of resonating units
so that they couple strongly with each other.
5.2. Characterization and Computation of Band Structures
Bandgaps for a particular PC are generally obtained by computing the band structures (i.e., dispersion
curves) and transmission spectra, among which the transmission spectra are easily measured. Besides,
the density of states and the localization length/factor[142, 143] are also used to characterize the bandgaps.
The distribution of wave ﬁelds (e.g. displacement ﬁeld, pressure ﬁeld, etc.) can visually demonstrate the
behaviors of wave propagation and localization under a particular frequency but is diﬃcult to exhibit
the spectrum properties.
The band structure or dispersion curve is no doubt the most important parameter to characterize
the acoustic features of the PCs. Up to now, several methods have been developed to calculate the band
structures. Except the transfer matrix (TM) method for one-dimensional (1D) systems, the existing
methods may be divided into two main categories. The ﬁrst one is the eigenfunction expansion methods
(meshless methods), among which the plane-wave expansion (PWE) method[140] has been widely used.
It expresses the displacement ﬁelds in the inﬁnite sums of the plane waves (Fourier series). However it

Vol. 24, No. 1

C.Q. Chen et al.: Perspectives in Mechanics of Heterogeneous Solids

· 19 ·

converges very slowly for systems with a large acoustic mismatch or in three-dimensional (3D) case.
It even fails to give accurate results for the mixed solid-ﬂuid systems[144] . The recently developed
wavelet method[145, 146] modiﬁes the PWE method by replacing the Fourier basis with the wavelet
basis. It improves the convergence rate and reduces the computational time signiﬁcantly. The multiple
scattering theory (MST) method[147] employs the cylindrical wave expansions and is only valid for
circular or spherical scatterers.
The second category is the discretization methods (mesh or reduced-mesh methods), e.g. the ﬁnite element method (FEM), the boundary element method (BEM) and the lumped-mass method (LMM)[148] ,
which discretize the unit cell (or its boundary) of a phononic crystal. All the above-mentioned three discretzation methods yield matrix eigenvalue problems from which the band structures can be calculated.
Another widely used discretization method is the ﬁnite diﬀerence time domain (FDTD) method[149]
which uses a diﬀerent strategy. It calculates the time response of a unit cell and then obtains the
eigenfrequencies using the inverse Fourier transform. Among all these methods, FEM and FDTD are
the competitive methods because some standard commercial softwares, such as ABAQUS, COMSOL
Multiphysics, etc. are available. However, the problems of convergence, stability, computational time
and occupied memory of the computer may arise when a 3D system with defects is calculated. Some
accelerated algorithms and/or parallel computing are necessary.
Most of the aforementioned methods, even PWE, Wavelet and MST methods when combined with
TM, can be used to compute the transmission spectra. The density of states and the localization
length/factor can be obtained from the band structures and the transmission spectra respectively, or
can be computed by Green function method and TM method[143] respectively.

5.3. Manipulation of Elastic Waves and Applications
PCs are a competitive candidate to manipulate the elastic wave propagation because of its unique
feature—bandgaps. The complete bandgaps could be engineered to provide a vibrationless environment
for high-precision mechanical systems in given frequency ranges. Careful design of material combinations
and structure parameters plays a crucial role for the appearance of a band gap. The location and width of
the bandgaps concern mainly the mass density, elastic properties and volume fraction of the components
as well as the topology of the structures (incl. the shape and size of the scatterers and lattice form).
For instance, the large contrast of the material properties, especially the large density contrast of the
components, is favorable for appearance of wider gaps[150] ; the triangle lattice (for 2D case) and facecentered-cubic lattice (for 3D case) exhibit wider bandgaps[151] . Introducing random disorder[152] or
quasi-periodicity[153] can also tune the bandgaps. Surface wave modes in a half-space system[145] and
Lamb wave modes[154] in a PC plate may exhibit diﬀerent band structures from bulk wave modes.
By breaking the periodicity of the systems, it is possible to create highly localized defect or guided
modes within the bandgaps. This makes the PCs potential candidates for the design of elastic or acoustic
microcavities, wave guides, ﬁlters, perfect mirrors, et al. For instance, removing a scatterer or replacing
it by a diﬀerent material will generate a point defect. The wave of particular frequency in the bandgap
is localized at the defect. The point-defect state can be tuned by adjusting the material properties and
geometry of the defect. This gives a way to design novel microcavities trapping the waves. A line defect,
which is generated by removing or replacing a row of scatterers, will lead to the guided-wave modes
propagating along the defect and even turn at a sharp 90◦ -corner without leak. This behavior is helpful in
design of the highly eﬃcient new waveguide. A plane defect with an array of scatterers in a plane removed
or replaced acts as a perfect mirror for total reﬂection of waves[155]. A subtle design with combined line
and point defects may produce an up-load/down-load ﬁlter, frequency demultiplier/divider, coupler or
demultiplexer/splitter[156–158] .
The existence of a bandgap may result in nonlinear distortion of the dispersion curves at the
band edges, which will induce some surprising features of PCs, such as slow wave eﬀect[159] , negative refraction[160] , negative elastic modulus or mass density[161, 162] , collimation[163, 164] . Therefore the
PCs show challenging applications in design of acoustic super lens[165] , wave cloak[166] , directional
radiation[163, 164] , etc. Gradient distribution of the scatterers’ geometry, mass density or elastic moduli
can modulate gradient variation of the eﬀective refraction index, and thus control the wave propagation
in PCs[167, 168] . This can also realize acoustic focusing, perfect reﬂection and wave guiding.
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Other potential applications of PCs may include design of a mode-selecting acoustic ﬁlter by using
resonant tunneling[169] , sensor[170], energy harvester[171], thermoelectric device[172] , etc.
5.4. Open Problems and Future Directions
(i) Improvement of the existing methods and development of the new eﬀective and fast methods for
band structure computation taking into account various interface conditions between scatterers and
matrix and the attenuation of waves due to viscosity; development of accelerated and parallel numerical
methods.
(ii) Application of new materials (e.g. piezoelectric/piezomagnetic materials[173, 174] , ferroelectric
materials[175] , elastomer[176], etc) as components to modulate the bandgaps and realize the mechanicalthermo-electric-magnetic-optic multiple functions of PCs.
(iii) Homogeneous theory and equivalent continuum model of PCs, especially for high frequencies
including strong dispersion.
(iv) Characterization and simulation of wave propagation in quasi-periodic PCs with applications;
inﬂuences of disorder on wave propagation in PCs.
(v) Nonlinear wave propagation in PCs with or without defects.
(vi) Optimization of materials and structures of PCs to realize the desired acoustic functions[177] .
(vii) Wave propagation in PC beams, plates and shells with or without defects and their applications
in design of new acoustic devices.
(viii) Manufacturing of PCs, especially at micro- or nano-scale for very high frequencies (VHF)[178] .

References
[1] Cui,J.Z. and Yang,H.Y., A dual coupled method of boundary value problems of PDE with coeﬃcients of
small period. Journal of Computer Mathematics, 1996, 14: 159-174.
[2] Cao,L.Q. and Cui,J.Z., Asymptotic expansions and numerical algorithms of eigenvalues and eigenfunctions
of the Dirichlet problem for second order elliptic equations in perforated domains. Numerische Mathematik,
2004, 96: 525-581.
[3] Li,Y.Y. and Cui,J.Z., The multiscale computational method for the mechanics parameters of the materials
with random distribution of multiscale grains. Composites Science and Technology, 2005, 65: 1447-1458.
[4] Cui,J. and Yu,X., A two-scale method for identifying mechanical parameters of composite materials with
periodic conﬁguration. Acta Mechanica Sinica, 2006, 22: 581-594.
[5] Han,F., Cui,J.Z. and Yu,Y., The statistical two-order and two-scale method for predicting the mechanics parameters of core-shell particle-ﬁlled polymer composites. Interaction and Multi-scale Mechanics: An
International Journal, 2008, 1: 231-251.
[6] Han,F., Cui,J.Z. and Yu,Y., The statistical second-order two-scale method for thermomechanical properties
of statistically inhomogeneous materials. Computational Materials Science, 2009, 46: 654-659.
[7] Tadmor,E.B., Ortiz,M. and Phillips,R., Quasicontinuum analysis of defects in solids. Philosophical Magzine
A, 1996, 73: 1529-1563.
[8] Miller,R. and Tadmor,E.B., The Quasicontinuum Method: Overview, applications and current directions.
Journal of Computer-Aided Materials Design, 2002, 9: 203-239.
[9] Rudd,R.E. and Broughton,J.Q., Coarse-grained molecular dynamics and the atomic limit of ﬁnite elements.
Physical Review B, 1998, 58: 5893-5896.
[10] Wagner,G.J. and Liu,W.K., Coupling of atomistic and continuum simulations using a bridging scale decomposition. Journal of Computational Physics, 2003, 190: 249-274.
[11] Li,X.T. and Weinan,E., Multiscale modeling of the dynamics of solids at ﬁnite temperature. Journal of the
Mechanics and Physics of Solids, 2005, 53: 1650-1685.
[12] Eringen,A.C., Continuum mechanics at atomistic scale. Crystal Lattice Defects, 1972, 75: 109-130.
[13] Eringen,A.C., Theory of nonlocal thermoelasticity. International Journal of Engineering Science, 1974, 12:
1063-1077.
[14] Silling,S.A., Reformulation of elasticity theory for discontinuities and long-range forces. Journal of the
Mechanics and Physics of Solids, 2000, 48: 175-209.
[15] Arndt,M. and Griebel,M., Derivation of higher order gradient continuum models from atomistic models
for crystalline solids. Multiscale Modeling and Simulation, 2005, 4: 531-562.
[16] Blanc,X., Le Bris,C. and Lions,P.L., From molecular models to continuum mechanics. Archive for Rational
Mechanics and Analysis, 2002, 164: 341-381.
[17] Xiang,M.Z., Cui,J.Z. and Tian,X., A nonlocal continuum model based on atomistic model at zero temperature. IOP Conference Series: Materials Science and Engineering, 2010, 10: 012070.

Vol. 24, No. 1

C.Q. Chen et al.: Perspectives in Mechanics of Heterogeneous Solids

· 21 ·

[18] Liu,B., Huang,Y., Jiang,H., Qu,S. and Hwang,K.C., The atomic-scale ﬁnite element method. Computer
Methods in Applied Mechanics and Engineering, 2004, 193: 1849-1864.
[19] Chen,Y.L., Liu,B., He,X.Q., Huang,Y. and Hwang,K.C., Failure analysis and the optimal toughness design
of carbon nanotube-reinforced composites. Composites Science and Technology, 2010, 70: 1360-1367.
[20] Murray,C.B., Kagan,C.R. and Bawendi,M.G., Synthesis and characterization of monodisperse nanocrystals
and close-packed nanocrystal assemblies. Annual Review of Materials Science, 2000, 30: 545-610.
[21] Talapin,D.V., Lee,J.S., Kovalenko,M.V. and Shevchenko,E.V., Prospects of colloidal nanocrystals for electronic and optoelectronic applications. Chemical Reviews, 2010, 110: 389-458.
[22] Podsiadlo,P., Krylova,G., Lee,B., Critchley,K., Gosztola,D.J., Talapin,D.V., Ashby,P.D. and
Shevchenko,E.V., The role of order, nanocrystal size, and capping ligands in the collective mechanical response of three-dimensional nanocrystal solids. Journal of the American Chemical Society, 2010,
132: 8953-8960.
[23] Schapotschnikow,P., Pool,R. and Vlugt,T.J.H., Molecular simulations of interacting nanocrystals. Nano
Letters, 2008, 8: 2930-2934.
[24] Rupich,S.M., Shevchenko,E.V., Bodnarchuk,M.I., Lee,B. and Talapin,D.V., Size-dependent multiple twinning in nanocrystal superlattices. Journal of the American Chemical Society, 2010, 132: 289-296.
[25] Schall,P., Cohen,I., Weitz,D.A. and Spaepen,F., Visualization of dislocation dynamics in colloidal crystals.
Science, 2004, 305: 1944-1948.
[26] Schall,P., Cohen,I., Weitz,D.A. and Spaepen,F., Visualizing dislocation nucleation by indenting colloidal
crystals. Nature, 2006, 440: 319-323.
[27] Clyne,T.W., Golosnoy,I.O., Tan,J.C. and Markaki,A.E., Porous materials for thermal management under
extreme conditions. Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences, 2006, 364: 125-146.
[28] Jia,F., Yu,C., Deng,K. and Zhang,L., Nanoporous metal (Cu, Ag, Au) ﬁlms with high surface area: general
fabrication and preliminary electrochemical performance. The Journal of Physical Chemistry C, 2007, 111:
8424-8431.
[29] Choi,Y.M. and Pyun,S.I., Eﬀects of intercalation-induced stress on lithium transport through porous LiCoO2 electrode. Solid State Ionics, 1997, 99: 173-183.
[30] Renganathan,S., Sikha,G., Santhanagopalan,S. and White,R.E., Theoretical analysis of stresses in a lithium
ion cell. Journal of the Electrochemical Society, 2010, 157: 155-163.
[31] Cheng,Y.T. and Verbrugge,M.W., The inﬂuence of surface mechanics on diﬀusion induced stresses within
spherical nanoparticles. Journal of Applied Physics, 2008, 104: 083521.
[32] Katoh,Y., Snead,L.L., Henager,C.H., Hasegawa,A., Kohyama,A., Riccardi,B. and Hegeman,H., Current
status and critical issues for development of SiC composites for fusion applications. Journal of Nuclear
Materials, 2007, 367: 659-671.
[33] Xue,K., Niu,L.S., Shi,H.J. and Liu,J., Structural relaxation of amorphous silicon carbide thin ﬁlms in
thermal annealing. Thin Solid Films, 2008, 516: 3855-3861.
[34] Xue,K., Niu,L.S. and Shi,H.J., Eﬀects of quench rates on the short- and medium-range orders of amorphous
silicon carbide: A molecular-dynamics study. Journal of Applied Physics, 2008, 104: 053518.
[35] Xue,K. and Niu,L.S., Understanding the changes in mechanical properties due to the crystalline-toamorphization transition in SiC. Journal of Applied Physics, 2009, 106: 083505.
[36] Huh,C. and Scriven,L.E., Hydrodynamic model of the steady movement of a solid/liquid/ﬂuid contact line.
Journal of Colloid and Interface Science, 1971, 35: 85-101.
[37] Yuan,Q.Z. and Zhao,Y.P., Precursor ﬁlm in dynamic wetting, electrowetting, and electro-elasto-capillarity.
Physical Review Letters, 2010, 104: 246101.
[38] Yuan,Q.Z. and Zhao,Y.P., Hydroelectric voltage generation based on water-ﬁlled single-walled carbonnanotubes. Journal of the American Chemical Society, 2009, 131: 6374-6376.
[39] Mchale,G., Newton,M.I., Rowan,S.M. and Banerjee,M., The spreading of small viscous stripes of oil. Journal
of Physics D: Applied Physics, 1995, 28: 1925-1929.
[40] Mugele,F. and Baret,J.C., Electrowetting: From basics to applications. Journal of Physics—Condensed
Matter, 2005, 17: 705-774.
[41] Yuan,Q.Z. and Zhao,Y.P., Transport properties and induced voltage in the structure of water-ﬁlled singlewalled boron-nitrogen nanotubes. Biomicroﬂuidics, 2009, 3: 022411.
[42] Mura,T., Micromechanics of Defects in Solids. London: Springer, 1987.
[43] Nemat-Nasser,S., Hori,M. and Bielski,W., Micromechanics: Overall Properties of Heterogeneous Materials.
Amsterdam: Elsevier, 1999.
[44] Eshelby,J.D., Elastic inclusions and inhomogeneities. Progress in Solid Mechanics, 1961, 2: 89-140.
[45] Zheng,Q.S., Zhao,Z.H., Du,D.X., Irreducible structure, symmetry and average of Eshelby’s tensor ﬁelds in
isotropic elasticity, Journal of the Mechanics and Physics of Solids, 2006, 54: 368-383.

· 22 ·

ACTA MECHANICA SOLIDA SINICA

2011

[46] Zou,W.N., He,Q.C., Huang,M.J. and Zheng,Q.S., Eshelby’s problem of non-elliptical inclusions. Journal
of the Mechanics and Physics of Solids, 2010, 58: 346-372.
[47] Cross,M.C. and Hohenberg,P.C., Pattern-formation outside of equilibrium. Review of Modern Physics, 1993,
65: 851-1112.
[48] Gollub,J.P. and Langer,J.S., Pattern formation in nonequilibrium physics. Review of Modern Physics, 1999,
71: S396-S403.
[49] Langer,J.S., Instabilities and pattern-formation in crystal-growth. Review of Modern Physics, 1980, 52:
1-28.
[50] He,Y.J. and Sun,Q.P., Rate-dependent domain spacing in a stretched NiTi strip. International Journal of
Solids and Structures, 2010, 47: 2775-2783.
[51] He,Y.J. and Sun,Q.P., Scaling relationship on macroscopic helical domains in NiTi tubes. International
Journal of Solids and Structures, 2009, 46: 4242-4251.
[52] He,Y.J., Yin,H., Zhou,R.H. and Sun,Q.P., Ambient eﬀect on damping peak of NiTi shape memory alloy.
Materials Letters, 2010, 64: 1483-1486.
[53] Sun,Q.P. and He,Y.J., A multiscale continuum model of the grain-size dependence of the stress hysteresis
in shape memory alloy polycrystals. International Journal of Solids and Structures, 2008, 45: 3868-3896.
[54] Huang,M.J. and Man,C.S., Constitutive relation of elastic polycrystal with quadratic texture dependence.
Journal of Elasticity, 2003, 72: 183-212.
[55] Roe,R.J., Description of crystallite orientation in polycrystalline materials. III: General solution to pole
ﬁgure inversion. Journal of Applied Physics, 1965, 36: 2024-2031.
[56] Man,C.S., On the constitutive equations of some weakly-textured materials. Archive for Rational Mechanics
and Analysis, 1998, 143: 77-103.
[57] Huang,M.J., Lan,Z.W. and Liang,H.L., Constitutive relation of an orthorhombic polycrystal with the shape
coeﬃcients. Acta Mechanica Sinica, 2005, 21: 608-618.
[58] Man,C.S., Eﬀects of crystallographic texture on the acoustoelastic coeﬃcients of polycrystals. Nondestructive Testing and Evaluation, 1999, 15: 191-214.
[59] Huang,M.J., Zhan,H., Lin,X.Q. and Tang,H., Constitutive relation of weakly anisotropic polycrystal with
microstructure and initial stress. Acta Mechanica Sinica, 2007, 23: 183-198.
[60] Huang,M.J. and Man,C.S., Explicit bounds of eﬀective stiﬀness tensors for textured aggregates of cubic
crystallites. Mathematics and Mechanics of Solids, 2008, 13: 408-430.
[61] Man,C.S., On the correlation of elastic and plastic anisotropy in sheet metals. Journal of Elasticity, 1995,
39: 165-173.
[62] Man,C.S. and Huang,M.J., Identiﬁcation of material parameters in yield functions and ﬂow rules for weakly
textured sheets of cubic metals. International Journal of Nonlinear Mechanics, 2001, 36: 501-514.
[63] Li,B.W., Zhao,H.P., Feng,X.Q., Guo,W.W. and Shan,S.C., Experimental study on the mechanical properties of the horn sheaths from cattle. Journal of Experimental Biology, 2010, 213: 479-486.
[64] Peng,Z.L., Chen,S.H. and Soh,A.K., Peeling behavior of a bio-inspired nano-ﬁlm on a substrate. International Journal of Solids and Structures, 2010, 47: 1952-1960.
[65] Bower,A.F., Cyclic hardening properties of hard-drawn copper and rail steel. Journal of the Mechanics and
Physics of Solids, 1989, 37: 455-470.
[66] Sheng,G.M., Fan,J.H. and Peng,X.H., Inﬂuence of technical states and stress levels on contact fatigue life
of PD3 rail steel. Acta Metallurgica Sinica, 2000, 36: 1157-1160.
[67] Sheng,G.M., Fan,J.H., Peng,X.H., Jiang,B., Ji,K.B., Su,S.H. and Ke,X.T., Investigation of contact fatigue
behaviors of PD3 rail steel. Steel Iron, 1998, 33: 35-39.
[68] Langford,G., Deformation of pearlite. Metallurgical and Materials Transaction A, 1977, 8: 861-875.
[69] Yu,S.W. and Feng,X.Q., A micromechanics-based model for microcrack-weakened brittle solids, Mechanics
of Materials, 1995, 20: 59-76.
[70] Feng,X.Q., Li,J.Y. and Yu,S.W., A simple method for calculating interaction of numerous microcracks and
its applications. International Journal of Solids and Structures, 2003, 40: 447-464.
[71] Ren,Z.J., Peng,X.H., Hu,N. and Yang,C.H., A micromechanical damage model for rocks and concretes
under triaxial compression. Applied Mathematics and Mechanics, 2009, 30: 323-333.
[72] Ren,Z.J., Peng,X.H. and Yang,C.H., Micromechanical damage model for rocks and concretes subjected to
coupled tensile and shear stresses. Acta Mechanica Solida Sinica, 2008, 21: 232-240.
[73] Ma,L., Wang,X.Y., Feng,X.Q. and Yu,S.W., Numerical analysis of interaction and coalescence of numerous
microcracks, Engineering Fracture Mechanics, 2005, 72: 1841-1865.
[74] Shaw,J.A. and Kyriakides,S., Initiation and propagation of localized deformation in elasto-plastic strips
under uniaxial tension. International Journal of Plasticity, 1997, 13: 837-871.
[75] Sun,Q.P. and Li,Z.Q., Phase transformation in superelastic NiTi polycrystalline micro-tubes under tension
and torsion—from localization to homogeneous deformation. International Journal of Solids and Structures,
2002, 39: 3797-3809.

Vol. 24, No. 1

C.Q. Chen et al.: Perspectives in Mechanics of Heterogeneous Solids

· 23 ·

[76] Peng,X., Pi,W. and Fan,J., A microstructure-based constitutive model for the pseudoelastic behavior of
NiTi SMAs. International Journal of Plasticity, 2008, 24: 966-990.
[77] Chu,X., Barnett,S.A., Wong,M.S. and Sproul,W.D., Reactive unbalanced magnetron sputter deposition of
polycrystalline TiN/NbN superlattice coatings. Surface and Coatings Technology, 1993, 57: 13-18.
[78] Sproul,W.D., High-rate reactive DC magnetron sputtering of oxide and nitride superlattice coatings. Vacuum, 1998, 51: 641-646.
[79] Chu,X., Sproul,W.D., Rohde,S.L. and Barnett,S.A., Deposition and properties of polycrystalline TiN/NbN
superlattice coatings. Journal of Vacuum Science and Technology A, 1992, 10: 1604-1609.
[80] Yin,D.Q., Peng,X.H., Qin,Y. and Wang,Z.C., Electronic property and bonding conﬁguration at the
TiN(111)/VN(111) interface. Journal of Applied Physics, 2010, 108: 033714.
[81] Xie,P. and Zhang,R.B., Liquid crystal elastomers, networks and gels: advanced smart materials. Journal
of Materials Chemistry, 2005, 15: 2529-2550.
[82] de Gennes,P.-G., Re’ﬂexions sur un type de polyme‘res ne’matiques. Comptes Rendus de l’Académie des
Sciences, 1975, 281: 101-103.
[83] Warner,M., New elastic behaviour arising from the unusual constitutive relation of nematic solids. Journal
of the Mechanics and Physics of Solids, 1999, 47: 1355-1377.
[84] Conti,S., DeSimone,A. and Dolzmann,G., Soft elastic response of stretched sheets of nematic elastomers:
a numerical study. Journal of the Mechanics and Physics of Solids, 2002, 50: 1431-1451.
[85] DeSimone,A. and Teresi,L., Elastic energies for nematic elastomers. The European Physical Journal E,
2009, 29: 191-204.
[86] Fried,E. and Sellers,S., Free-energy density functions for nematic elastomers. Journal of the Mechanics and
Physics of Solids, 2004, 52: 1671-1689.
[87] Jin,L., Yan,Y. and Huo,Y., A gradient model of light-induced bending in photochromic liquid crystal elastomer and its nonlinear behaviors. International Journal of Nonlinear Mechanics, 2010, 45: 370-381.
[88] Finkelmann,H., Kim,S.T., Munoz,A., Palﬀy-Muhoray,P. and Taheri,B., Tunable mirrorless lasing in
cholesteric liquid crystalline elastomers. Advanced Materials, 2001, 13: 1069-1072.
[89] Yu,Y.L., Nakano,M. and Ikeda,T., Directed bending of a polymer ﬁlm by light - Miniaturizing a simple
photomechanical system could expand its range of applications. Nature, 2003, 425: 145-145.
[90] van Oosten,C.L., Bastiaansen,C.W.M. and Broer,D.J., Printed artiﬁcial cilia from liquid-crystal network
actuators modularly driven by light. Nature Materials, 2009, 8: 677-682.
[91] Lehmann,W., Skupin,H., Tolksdorf,C., Gebhard,E., Zentel,R., Kruger,P., Losche,M. and Kremer,F., Giant
lateral electrostriction in ferroelectric liquid-crystalline elastomers. Nature, 2001, 410: 447-450.
[92] Finkelmann,H., Nishikawa,E., Pereira,G.G. and Warner,M., A new opto-mechanical eﬀect in solids. Physical
Review Letters, 2001, 8701: 015501.
[93] Ding,R., Huo,Z. and Li,L.A., Eﬀects of ﬁssion heat and fuel swelling on the thermal-mechanical behaviors
of dispersion fuel elements. Mechanics of Advanced Materials and Structures, 2009, 16: 552-559.
[94] Huo,Y., Zu,X.T., Li,A., Wang,Z.G. and Wang,L.M., Modeling and simulation of irradiation eﬀects on
martensitic transformations in shape memory alloys. Acta Materialia, 2004, 52: 2683-2690.
[95] Fu,S.Y., Feng,X.Q., Lauke,B. and Mai,Y.W., Eﬀects of particle size, particle/matrix interface adhesion
and particle loading on mechanical properties of particulate polymer composites. Composites Part B: Engineering, 2008, 39: 933-961.
[96] Hu,G., Liu,X. and Lu,T.J., A variational method for non-linear micropolar composites. Mechanics of Materials, 2005, 37: 407-425.
[97] Luciano,R. and Willis,J.R., Bounds on non-local eﬀective relations for random composites loaded by
conﬁguration-dependent body force. Journal of the Mechanics and Physics of Solids, 2000, 48: 1827-1849.
[98] Bigoni,D. and Drugan,W.J., Analytical derivation of Cosserat moduli via homogenization of heterogeneous
elastic materials. Journal of Applied Mechanics—Transaction of the ASME, 2007, 74: 741-753.
[99] Chen,H., Liu,X., Hu,G. and Yuan,H., Identiﬁcation of material parameters of micropolar theory for composites by homogenization method. Computational Materials Science, 2009, 46: 733-737.
[100] Forest,S., Barbe,F. and Cailletaud,G., Cosserat modelling of size eﬀects in the mechanical behaviour of
polycrystals and multi-phase materials. International Journal of Solids and Structures, 2000, 37: 7105-7126.
[101] Shelby,R.A., Smith,D.R. and Schultz,S., Experimental veriﬁcation of a negative index of refraction. Science, 2001, 292: 77-79.
[102] Zhou,X.M. and Hu,G.K., Analytic model of elastic metamaterials with local resonances. Physical Review
B, 2009, 79: 195109.
[103] Smith,D.R. and Pendry,J.B., Homogenization of metamaterials by ﬁeld averaging (invited paper). Journal
of the Optical Society of America B, 2006, 23: 391-403.
[104] Gao,H., Ji,B., Jager,I.L., Arzt,E. and Fratzl,P., Materials become insensitive to ﬂaws at nanoscale: Lessons
from nature. Proceedings of National Academy of Science of the United States of America, 2003, 100: 55975600.

· 24 ·

ACTA MECHANICA SOLIDA SINICA

2011

[105] Ji,B. and Gao,H., Mechanical properties of nanostructure of biological materials. Journal of the Mechanics
and Physics of Solids, 2004, 52: 1963-1990.
[106] Gao,H., Application of fracture mechanics concepts to hierarchical biomechanics of bone and bone-like
materials. International Journal of Fracture, 2006, 138: 101-137.
[107] Song,F., Soh,A.K. and Bai,Y.L., Structural and mechanical properties of the organic matrix layers of
nacre. Biomaterials, 2003, 24: 3622-3631.
[108] Song,F, Zhou,J.B., Xu,X.H., Xu,Y. and Bai,Y.L., Eﬀect of a negative Poisson ratio in the tension of
ceramics. Physical Review Letters, 2008, 100: 245502.
[109] Dai,Z.D. and Yang,Z.X., Macro-/micro-structures of elytra, mechanical properties of the biomaterial and
the coupling strength between elytra in beetles. Journal of Bionic Engineering, 2010, 7: 6-12.
[110] Yang,Z.X., Dai,Z.D. and Guo,C., Morphology and mechanical properties of Cybister elytra. Chinese
Science Bulletin, 2010, 54: 771-776.
[111] Dai,Z.D., Zhang,Y.F., Liang,X.C. and Sun,J.R., Coupling between elytra of some beetles: Mechanism,
forces and eﬀects of surface texture. Science in China Series C: Life Sciences, 2008, 51: 894-901.
[112] Kong,X.Q. and Wu,C.W., Mosquito proboscis: An elegant biomicroelectromechanical system. Physical
Review E, 2010, 82: 011910.
[113] Zhao,H.P., Feng,X.Q., Yu,S.W., Cui,W.Z. and Zou,F.Z., Mechanical properties of silkworm cocoons. Polymer, 2005, 46: 9192-9201.
[114] Zhao,H.P. and Feng,X.Q., Variability in mechanical properties of Bombyx mori silk, Materials Science
and Engineering C—Biomimetic and Supramolecular Systems, 2007, 27: 675-683.
[115] Li,B.W., Zhao,H.P., Feng,X.Q., Guo,W.W. and Shan S.C., Experimental study on the mechanical properties of the horn sheaths from cattle. Journal of Experimental Biology, 2010, 213: 479-486.
[116] Zhao,J., Chen,C., Liang,Y. and Wang,J., Mechanical properties and structure of Haliotis discus hannai
Ino and Hemifusus tuba conch shells: a comparative study. Acta Mechanica Sinica, 2010, 26: 21-25.
[117] Zhang,K., Si,F.W., Duan,H.L. and Wang,J., Microstructures and mechanical properties of silks of silkworm
and honeybee. Acta Biomaterialia, 2010, 6: 2165-2171.
[118] Liu,B., Zhang,L. and Gao,H., Poisson ratio can play a crucial role in mechanical properties of biocomposites. Mechanics of Materials, 2006, 38: 1128-1142.
[119] Liu,B., Feng,X. and Zhang,S.M., The eﬀective Young’s modulus of composites beyond the Voigt estimation
due to the Poisson eﬀect. Composites Science and Technology, 2009, 69: 2198-2204.
[120] Joly,L. and Biben,T., Wetting and friction on superoleophobic surfaces. Soft Matter, 2009, 5: 2549-2557.
[121] Rothstein,J.P., Slip on superhydrophobic surfaces. Annual Review of Fluid Mechanics, 2010, 42: 89-109.
[122] Zheng,Q.S., Yu,Y., and Zhao,Z.H., Eﬀects of hydraulic pressure on the stability and transition of wetting
modes of superhydrophobic surfaces. Langmuir, 2005, 21: 12207-12212.
[123] Liu,H, Li,S.H., Zhai,J., Li,H.J., Zheng,Q.S., Jiang,L. and Zhu,D.B., Self-assembly of large-scale micropatterns on aligned carbon nanotube ﬁlms. Angewandte Chemie-International Edition, 2004, 43: 1146-1149.
[124] Yu,Y., Zhao,Z.H., Zheng,Q.S., Mechanical and superhydrophobic stabilities of two-scale surfacial structure
of lotus leaves. Langmuir, 2007, 23: 8212-8216.
[125] Zheng,Q.S., Lv,C.J., Hao,P.F. and Sheridan,J, Small is beautiful, and dry. Science China—Physics, Mechanics & Astronomy, 2010, 53: 2245-2259.
[126] Li,W. and Amirfazli,A., Superhydrophobic surfaces: Adhesive strongly to water? Advanced Materials,
2007, 19: 3421-3422.
[127] Su,Y.W., Ji,B.H., Huang,Y.G. and Hwang,K., Nature’s design of hierarchical superhydrophobic surfaces
of a water strider for low adhesion and low-energy dissipation. Langmuir, 2010, 6: 18926-18937.
[128] Su,Y.W., Ji,B.H., Zhang,K., Gao,H.J., Huang,Y.G. and Hwang,K., Nano to micro structural hierarchy is
crucial for stable superhydrophobic and water-repellent surfaces. Langmuir, 2010, 26: 4984-4989.
[129] Wu,C.W., Kong,X.Q. and Wu,D., Micronanostructures of the scales on a mosquito’s leg and their role in
weight support. Physical Review E, 2007, 76: 017301
[130] Feng,X.Q., Gao,X.F., Wu,Z.N., Jiang,L. and Zheng,Q.S., Superior water repellence of water strider legs
with hierarchical structures: experiments and analysis. Langmuir, 2007, 23: 4892-4896.
[131] Arzt,E., Gorb,S. and Spolenak,R., From micro to nano contacts in biological attachment devices. Proceedings of National Academy of Science of the United States of America, 2003, 100: 10603-10606.
[132] Gao,H. and Yao,H., Shape insensitive optimal adhesion of nanoscale ﬁbrillar structures. Proceedings of
National Academy of Science of the United States of America, 2004, 101: 7851-7856.
[133] Gao,H. and Chen,S.H., Flaw tolerance in a thin strip under tension. Journal of Applied Mechanics, 2005,
72: 732-737.
[134] Chen,S.H. and Gao,H., Non-slipping adhesive contact of an elastic cylinder on stretched substrates. Proceedings of The Royal Society A—Mathematical Physical and Engineering Sciences, 2006, 462: 211-228.

Vol. 24, No. 1

C.Q. Chen et al.: Perspectives in Mechanics of Heterogeneous Solids

· 25 ·

[135] Chen,S.H. and Gao,H., Bio-inspired mechanics of reversible adhesion: orientation-dependent adhesion
strength for non-slipping adhesive contact with transversely isotropic elastic materials. Journal of the Mechanics and Physics of Solids, 2007, 55: 1001-1015.
[136] Chen,S.H., Yan,C. and Soh,A.K., Non-slipping JKR model for transversely isotropic materials. International Journal of Solids and Structure, 2008, 45: 676-687.
[137] Chen,S.H., Yan,C., Zhang,P. and Gao,H., Mechanics of adhesive contact on a power-law elastic half-space.
Journal of the Mechanics and Physics of Solids, 2009, 57: 1434-1448.
[138] Chen,S.H., Xu,G. and Soh,A.K., Size-dependent adhesion strength of a single viscoelastic ﬁber. Tribology
Letters, 2010, 37: 375-379.
[139] Peng,X., Pi,W. and Fan,J., A Microstructure-damage-based description for the size eﬀect of the constitutive behavior of pearlitic steels. International Journal of Damage Mechanics, 2010, 19: 821-849.
[140] Kushwaha,M.S., Halevi,P., Martinez,G., Dobrzynski,L. and Djafarirouhani,B., Acoustic band structure
of periodic elastic composites. Physical Review Letters, 1993, 71: 2022-2025.
[141] Liu,Z.Y., Zhang,X.X., Mao,Y,W., Zhu,Z.Z., Yang,Z.Y., Chan,C.T. and Sheng,P., Locally resonant sonic
materials. Science, 2000, 289: 1734-1736.
[142] Bliokh,K.Y. and Freilikher,V.D., Localization of transverse waves in randomly layered media at oblique
incidence. Physical Review B, 2004, 70: 245121.
[143] Chen,A.L. and Wang,Y.S., Study on band gaps of elastic waves propagating in one dimensional disordered
phononic crystals. Physica B, 2007, 392: 369-378.
[144] Goﬀaux,C. and Vigneron,J.P., Theoretical study of a tunable phononic band gap system. Physical Review
B, 2001, 64: 075118.
[145] Yan,Z.Z. and Wang,Y.S., Calculation of band structures for surface waves in two-dimensional phononic
crystals with a wavelet-based method. Physical Review B, 2008, 78: 094306.
[146] Yan,Z.Z. and Wang,Y.S., Wavelet-based method for calculating elastic band gaps of two-dimensional
phononic crystals. Physical Review B, 2006, 74: 224303.
[147] Kafesaki,M. and Economou,E.N., Multiple-scattering theory for three-dimensional periodic acoustic composites. Physical Review B, 1999, 60: 11993-12001.
[148] Wang,G., Wen,J.H., Liu,Y.Z. and Wen,X.S., Lumped-mass method for the study of band structure in
two-dimensional phononic crystals. Physical Review B, 2004, 69: 184302.
[149] Tanaka,Y. and Tomoyasu,Y., Band structure of acoustic waves in phononic lattices: Two-dimensional
composites with large acoustic mismatch. Physical Review B, 2000, 62: 7387-7392.
[150] Zhou,X.Z., Wang,Y.S. and Zhang,Ch., Eﬀects of material parameters on elastic band gaps of twodimensional solid phononic crystals. Journal of Applied Physics, 2009, 106: 014903.
[151] Kushwaha,M.S. and Halevi,P., Giant acoustic stop bands in two-dimensional periodic arrays of liquid
cylinders. Applied Physics Letters, 1996, 69: 31-33.
[152] Chen,A.L., Wang,Y.S., Li,J.B. and Zhang,Ch., Localization of elastic waves in two-dimensional randomly
disordered solid phononic crystals. Waves in Random and Complex Media, 2010, 20: 104-121.
[153] Chen,A.L., Wang,Y.S., Guo,Y.F. and Wang,Z.D., Band structures of Fibonacci phononic quasicrystals.
Solid State Communications, 2008, 145: 103-108.
[154] Li,Y., Hou,Z.L., Fu,X.J. and Assouar,B.M., Symmetric and anti-symmetric Lamb waves in a twodimensional phononic crystal plate. Chinese Physics Letters, 2010, 27: 074303.
[155] Psarobas,I.E., Stefanou,N. and Modinos,A., Phononic crystals with planar defects. Physical Review B,
2000, 62: 5536-5540.
[156] Benchabane,S., Khelif,A., Choujaa,A., Djafari-Rouhani,B. and Laude,V., Interaction of waveguide and
localized modes in a phononic crystal. Europhysics Letters, 2005, 71: 570-575.
[157] Pennec,Y., Djafari-Rouhani,B., Vasseur,J.O. and Larabi,H., Acoustic channel drop tunneling in a phononic
crystal. Applied Physics Letter s, 2005, 87: 261912.
[158] Pennec,Y., Djafari-Rouhani,B., Vasseur,J.O., Khelif,A. and Deymier,P.A., Tunable ﬁltering and demultiplexing in phononic crystals with hollow cylinders. Physical Review E, 2004, 69: 046608.
[159] Page,J.H., Sheng,P., Schriemer,H.P., Jones,I., Jing,X.D. and Weitz,D.A., Group velocity in strongly scattering media. Science, 1996, 271: 634-637.
[160] Torres,M. and Montero de Espinosa,F.R., Ultrasonic band gaps and negative refraction. Ultrasonics, 2004,
42: 787-790.
[161] Fang,N., Xi,D.J., Xu,J.Y., Ambati,M., Srituravanich,W., Sun,C. and Zhang,X., Ultrasonic metamaterials
with negative modulus, Nature Materials, 2006, 5: 452-456.
[162] Mei,J., Liu,Z.Y., Wen,W.J. and Sheng,P., Eﬀective mass density of ﬂuid-solid composites. Physical Review
Letters, 2006, 96: 024301.
[163] Hsu,F.C., Wu,T.T., Hsu,J.C. and Sun,J.H., Directional enhanced acoustic radiation caused by a point
cavity in a ﬁnite-size two-dimensional phononic crystal. Applied Physics Letters, 2008, 93: 201904.

· 26 ·

ACTA MECHANICA SOLIDA SINICA

2011

[164] Liu,W. and Su,X.Y., Collimation and enhancement of elastic transverse waves in two-dimensional solid
phononic crystals. Physics Letters A, 2010, 374: 2968-2971.
[165] Farthat,M., Guenneau,S.,Enoch,S. and Movchan,A.B., Negative reﬂection, surface modes, and supperlensing eﬀect via homogenization near resonances for a ﬁnite array of split-ring resonators. Physical Review E,
2009, 80: 046309.
[166] Farhat,M., Enoch,S., Guenneau,S. and Movchan, A.B., Broadband cylindrical acoustic cloak for linear
surface waves in a ﬂuid. Physical Review Letters, 2008, 101: 134501.
[167] Torrent,D. and Sánchez-Dehesa,J., Acoustic metamaterials for new two-dimensional sonic devices. New
Journal of Physics, 2007, 9: 323.
[168] Lin,S.C.S. and Huang,T.J., Acoustic mirage in two-dimensional gradient-index phononic crystals. Journal
of Applied Physics, 2009, 106: 053529.
[169] Qiu,C.Y., Liu, Z.Y., Mei,J. and Shi,J., Mode-selecting acoustic ﬁlter by using resonant tunneling. Applied
Physics Letters, 2005, 87: 104101.
[170] Lucklum,R. and Li,J., Phononic crystals for liquid sensor applications. Measurement Science and Technology, 2009, 20: 124014.
[171] Gonella,S., To,A.C. and Liu,W.K., Interplay between phononic band gaps and piezoelectric microstructures for energy harvesting. Journal of the Mechanics and Physics of Solids, 2009, 57: 621-633.
[172] Gillet,J.N., Chalopin,Y. and Volz,S., Atomic-scale three-dimensional phononic crystals with a very low
thermal conductivity to design crystalline thermoelectric devices. Journal of Heat Transfer, 2009, 131:
043206.
[173] Wang,Y.Z., Li,F.M., Kishimoto,K., Wang,Y.S. and Huang,W.H., Band gap behaviors of periodic magnetoelectroelastic composite structures with Kagome lattices. Waves in Random and Complex Media, 2009,
19: 509-520.
[174] Robillard,J. F., Matar,O.B., Vasseur,J.O., Deymier,P.A., Stippinger,M., Hladky-Hennion,A.C., Pennec,Y.
and Djafari-Rouhani,B., Tunable magnetoelastic phononic crystals. Applied Physics Letters, 2009, 95:
124104.
[175] Jim,K.L., Leung,C.W., Lau,S.T., Choy,S.H. and Chan,H.L.W., Thermal tuning of phononic bandstructure
in ferroelectric ceramic/epoxy phononic crystal. Applied Physics Letters, 2009, 94: 193501.
[176] Yang,W.P. and Chen,L.W., The tunable acoustic band gaps of two-dimensional phononic crystals with
a dielectric elastomer cylindrical actuator. Smart Materials & Structures, 2008, 17: 015011.
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