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a b s t r a c t

The promise of nanotechnology lies in the possibility of engineering matter on the nanoscale and
creating technological interfaces that, because of their small scales, may directly interact with biological
objects, creating new strategies for the treatment of pathologies that are otherwise beyond the reach of
conventional medicine. Nanotechnology is inherently a multiscale, multiphenomena challenge. Funda-
mental understanding and highly accurate predictive methods are critical to successful manufacturing of
nanostructured materials, bio/mechanical devices and systems. In biomedical engineering, and in the
mechanical analysis of biological tissues, classical continuum approaches are routinely utilized, even if
these disregard the discrete nature of tissues, that are an interpenetrating network of a matrix (the extra
cellular matrix, ECM) and a generally large but finite number of cells with a size falling in the micrometer
range. Here, we introduce a nano-mechanical theory that accounts for the-non continuum nature of bio
systems and other discrete systems. This discrete field theory, doublet mechanics (DM), is a technique to
model the mechanical behavior of materials over multiple scales, ranging from some millimeters down
to few nanometers. In the paper, we use this theory to predict the response of a granular material to an
external applied load. Such a representation is extremely attractive in modeling biological tissues which
may be considered as a spatial set of a large number of particulate (cells) dispersed in an extracellular
matrix. Possibly more important of this, using digital image correlation (DIC) optical methods, we
provide an experimental verification of the model.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The new revolution in materials science is being driven by our
ability to manipulate matter at the molecular, nanoparticle, and
colloidal level to create systems which possess a fine structure, that
is, details (i) with a length scale which may vary over a significant
range (and sometimes falls in the low nanometer range) that (ii)
exhibit a certain degree of order in the domain. The combination of
size and order imparts to these materials improved properties which
may depart from their conventional, continuum counterparts [1,2]. In
other words, differently from traditional materials, in nano-materials
geometry really matters: the topological characteristics of the
material dictate its properties at all the scales from nano to macro,

and this behavior is encountered in disciplines which are various and
diverse and include mechanics, photonics, biology. In the mechanics
of materials, it has been recently proposed an argument purely based
on geometry for the interpretation of the scaling laws on material
strength. Materials exhibiting a natural, hierarchical structure can be
mathematically well described by fractal geometry, where self-
similarity implies an inverse proportionality between the number
of objects and their size raised to a positive real number D, the so-
called fractal exponent [3–5]. In 2005, Carpentieri and Pugno [6]
showed that scaling laws are connected to the geometrical and
multi-scale character of the domain in which the energy exchanges
occur. Moreover, they indicated how pure geometry and competition
between surfaces and volumes may explain the scaling laws
observed in different fields, including mechanics and biology. Similar
non continuum approaches, where the morphology of material
influences its properties, have been used in a variety of sometimes
exotic applications: as for some examples, to design an ideal carbon-
nanotube-based space elevatormegacable [7], to design and

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/optlaseng

Optics and Lasers in Engineering

http://dx.doi.org/10.1016/j.optlaseng.2015.04.009
0143-8166/& 2015 Elsevier Ltd. All rights reserved.

n Correspondence to: DIMEG UNICAL, Via Bucci 44C, 87036 Rende (CS), Italy.
Tel.: þ39 984494839; fax: þ39 984494673.

E-mail addresses: bruno@unical.it (L. Bruno), decuzzi@unicz.it (P. Decuzzi),
gentile@unicz.it (F. Gentile).

Optics and Lasers in Engineering 76 (2016) 17–26

www.sciencedirect.com/science/journal/01438166
www.elsevier.com/locate/optlaseng
http://dx.doi.org/10.1016/j.optlaseng.2015.04.009
http://dx.doi.org/10.1016/j.optlaseng.2015.04.009
http://dx.doi.org/10.1016/j.optlaseng.2015.04.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optlaseng.2015.04.009&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optlaseng.2015.04.009&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optlaseng.2015.04.009&domain=pdf
mailto:bruno@unical.it
mailto:decuzzi@unicz.it
mailto:gentile@unicz.it
http://dx.doi.org/10.1016/j.optlaseng.2015.04.009


preliminary fabricate a first prototype of spiderman gloves [8], to
unveil the superior properties of spider silk, where their exceptional
performance arises from their geometrical arrangement in a web [9],
to produce multistage smart nanoparticulates for drug delivery and
imaging [10], to realize multi-faceted super-hydrophobic surfaces,
where the bio-manipulation capabilities of such micro-patterns meet
the optical properties of the nano-structures that decorate those
patterns, in a single hierarchical device [11].

For all those systems for which a structure at the nanometer
scale cannot be disregarded, the classical assumption of continuity
of solids breaks down, and quantized, molecular, atomistic or
quantum-mechanical theories should be instead considered. For
these structures, the transition from the continuum to a discrete/
nanometer scale translates into an increase in the complexity of
the systems and associated degrees of freedom, providing, with
these, a cauldron of methodological innovation that yields potions
for multidisciplinary transformations [12].

Granular media are particulate solids through which forces do
not propagate uniformly. The discrete nature of these materials
renders classical continuum mechanics approaches inadequate in
explaining the complex networks of forces and the stress distribu-
tion that originate upon the application of a system of external
loads. If a sand pile under its own weight is considered, common
sense and the Linear Theory of Elasticity would predict a pressure
maximum under the apex of the pile at the floor. Conversely,
experiments have shown the appearance of a pressure minimum
right under the apex [13]. Similarly, when considering the stress
distribution within a 2D agglomerate of particles subjected to a
point load, as sketched in Fig. 1, the classical elasticity theory is
found not to be in agreement with the experimental observations.
This is the case of the experiments made by Geng et al. [14], who
considered 2D agglomerates of photo-elastic polymer particles. By
using photo-elastic techniques, they observed different responses
depending on the shape of the particles and the spatial arrange-
ment of the assembly. For a mono-disperse packing of disks, they
observed a two-peaked pressure distribution emerging from the
region of application of the compressive load, propagating deep

into the agglomerate. For a bi-disperse packing comprising disks
with two different diameters, they still observed a two-peaked
pressure distribution which was however less sharp than in the
mono-disperse case. For a much more disordered assembly, as for
the packing of pentagon particles, they did not observe anymore a
two-peaked distribution in favor of a classical single-peaked
pressure distribution, in qualitative agreement with an elasticity
solution.

Similar observations were presented by Mueggenburg et al.
[15], who considered the response of 3D granular piles comprising
face-centered-cubic and hexagonal-close-packed crystals. They
observed for the ordered FCC and HCP piles the appearance of
pressure peaks at the bottom surface not aligned with the applied
load; whereas for the more disordered case of amorphous packs a
clear single pressure maximum was observed beneath the region
of application of the load. These experiments – as well as many
others not cited here – clearly emphasize the different mechanical
response of continuum solids compared to discrete assemblies of
particles. Also, they illustrate the effect of particle shape, size and
spatial order on the mechanical response which may be summar-
ized as: disordered systems tend to behave as an isotropic,
continuum solid; whereas ordered systems have a very peculiar
behavior which cannot be predicted within the Classical Theory of
Elasticity.

A problem as that presented in Fig. 1, would be described within
classical continuum mechanics by the celebrated Flamant solution
for a 2D solid [16], or the Boussinesq solution for a 3D solid [17,18]. In
both cases, the effect of a concentrated force F would be that of
generating a compressive radial stress distribution with a single-
peaked pressure at any depth. More sophisticated models, both
within the continuum and the non-continuum framework have been
proposed with the aim of capturing the main features of the stress
field presented by the experiments. This is the case of elasto-plastic
models which, being governed by hyperbolic partial differential
equations (PDE) (wave-like equations), can predict a two-peaked
pressure distribution, differently from purely elastic models. And,
since elasto-plastic models offer a larger number of constitutive
parameters, which may be estimated by an optimal fitting of the
experimental data, they also allow for a good accordance between
the theoretical prediction and the experimental observations [19].
However, it should be noticed that in the case of small applied loads,
when the elastic behavior dominates, such models could have no
physical basis. Also, continuum models based on diffusive-like
equation as the q-model have been proposed [20] which successfully
predict the stress response only in the limit of large applied loads. On
the other hand, non-continuum models have been presented as the
very recent force-chain model [21,22]. This is based on the experi-
mental evidences reported in [14,15] which emphasize the existence
of preferred directions along which particles in a granular assembly
tend to exchange forces. In this model the inter-particle forces are
explicitly considered as a force potential. Goldenberg and Goldhirsch
[22] have shown that the stresses in granular solids propagate
showing (i) a two-peaked distribution in the proximity of the applied
force; (ii) an elastic-like behavior with a single-peaked distribution at
larger distances from the applied force (as reported in [23]); and (iii)
the transition from a double- to a single-peaked distribution in
disordered packings and in assemblies with significant frictional
forces among the particles. Even if the force chain model can predict
the qualitative mechanical response of a granular packing, it relies on
a force potential between the particles and requires numerical
calculations. Therefore any change in the properties of the system,
as the size, shape and degree of disorder of the particles, the
geometry and boundary conditions of the assembly, would require
solving again the governing equations.

In this scenario optical techniques offer many powerful tools
for experimental investigations, able to provide useful information

Fig. 1. The geometry of the classical Flamant’s problem revised under the hypoth-
esis of granular matter.
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