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Biological and manmade structures often share the same specifications and design constraints: structural
support, lightweight or protection against specific threats. In this context, the structure of fishscales, con-
sisting of small rigid plates growing out of the skin of a majority of fish species, are characterized by a
large variety of shape, size and properties in order to achieve particular functions. The present study
introduces a basic two-dimensional micromechanical model that permits to establish a correlation
between the flexural response of a scaled skin and the nature of its underlying structure, including both
geometric and material aspects. The model is used to predict trends in the structure’s response and illus-
trates the fact that the scale design, arrangement and properties can be tailored to achieve a wide spec-
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by regulating wave propagation (Long et al., 2002, 1996, 2006) and
by acting as an external tendon (Hebrank and Hebrank, 1986,
1982), storing mechanical energy in order to make swimming more
efficient. The structure of scaled skin at the macro level has proba-
bly inspired the scaled armor used by ancient Roman military to
provide resistance to penetration while retaining relative freedom
of movement. More recently, scaled skin probably also inspired
more modern armor systems. While these personal armors share
some mechanisms with natural fishscale, no systematic biomimetic
‘‘transfer of technology” was attempted so far, partly because a fun-
damental understanding of the mechanics of fish skin is still
lacking.

While the above studies improve our understanding on the
scaled skin properties of specific fish species and on the potential
functions of fish-skins, they do not present a general picture of
the underlying mechanics of fishscale structure, clearly showing
how the scale microstructure influences the properties and func-
tion of the skin. Further, while the hierarchical organization of the
fish skin probably plays a crucial role in its overall mechanical per-
formance (Fratzl and Weinkamer, 2007), the contribution and syn-
ergies of each length scale has yet to be investigated. For example,
how neighboring scales interact to prevent penetration and mini-
mize skin deflection is not known. Such understanding is critical
to the duplication of the performance of natural fishscales into next
generation ultra-light compliant armor systems. To address these
issues, this paper proposes to develop a mathematical model to
quantify the mechanical behavior of a very common scales struc-
ture that can be observed on a variety of fish (known as cosmoid
scales) and reptilians. In particular, due to its simplicity, the pro-
posed theoretical/computational approach has the ability to sweep
a very wide spectrum of possible fishscale structures (described by
scale geometry, arrangement and properties) and correlate such
structures to the overall properties of a skin. The contributions of
this work are threefold: (i) understand the general behavior of fish-
scale structures in terms of their underlying microstructure, (ii)
provide a benchmark problem that can be used as a reference for
more complicated models of fishscales and (iii) provide a theoreti-
cal basis that can guide experimental tests of fish-skin.

To achieve these goals, the present study uses homogenization
principles to relate structural deformation of individual scales and
macroscopic response of the entire skin (Vernerey et al., 2007a,b,
2009). More specifically, we introduce a two-dimensional model
that bridges deformation mechanisms occurring at the level of sin-
gle scales to the overall flexural response fish-skin. The model is
based on a simplified description of a fishscale structure as a
two-dimensional periodic arrangement of interacting scales, at-
tached to a circular arc, whose radius defines the macroscopic cur-
vature of the structure. In this model, scale equilibrium is
determined by considering contact interactions between adjacent
scales and support reaction between scale and support and scale
deformation is determined from a finite deformation beam theory.
A finite element formulation is then used to study the relation be-
tween single scale deformation and macroscopic response in terms
of relevant structural parameters, including scale density, scale
bending and shear stiffness as well as friction. The present study
shows that the mechanical response of the scaled skin is highly
sensitive to the nature of its underlying structure. In addition,
the structure possesses inherent strain-stiffening mechanisms that
are shared by many other types of biological structures.

The paper is organized as follows. In the next section, we de-
scribe the micromechanical model for fishscale structures as well
as its numerical implementation. Section 3 then concentrates on
the homogenization procedure and the investigation of the
mechanics of the structure when various types of microstructures
are considered. Finally, Sections 4 and 5 provide a discussion and
concluding remarks.
2. The model

In its biological context, the study of the mechanical behavior of
fishscales and their interactions with the surrounding organs and,
muscles and skeletal structure leads to a very complex problem. To
reduce this complexity, it is thus of interest to concentrate on indi-
vidual components of the structure, without considering their
interactions with other parts. This paper proposes to concentrate
on the deformation of a population of elastic scales on the surface
of dermis of fish and understand how they affect the overall
mechanical behavior of the skin. This study also seeks to quantify
the changes in overall skin properties (in bending) due to modifica-
tions in scale shape, arrangement and properties.

Following fundamental engineering principles, we investigate
this problem by introducing an idealized model of fishscale struc-
tures, which, despite its simplicity, contains the principal ingredi-
ents of fishscale deformation during bending. Our idealized model
of fishscale structure is can thus be described as follows. In its ini-
tial configuration, the scale-structure is represented as a two-
dimensional arrangement of initially straight scales, lying on a
straight support. Scale deformation is then restricted by its attach-
ment to the support (on its left end) and a rotational spring resist-
ing scale rotation at its attachment point. Assuming that the
support’s rigidity is large in comparison to that of individual
scales, its deformation is described in terms of homogeneous cur-
vature j. In other words, during bending, the support shape is de-
scribed as an arc circle of radius R = 1/j (Fig. 1), which results in
the rotation and deformation of scales and the development of
contact forces between adjacent scales. The elastic energy stored
in this deformed configuration determines the bending stiffness
of the fish-structure. To further simplify the system, one may take
advantage of two distinct features of fishscale structures: (i) the
fishscale structure is made of a periodic pattern and (ii) during
uniform bending deformation, every scale undergoes the same
deformation. These hypotheses allow us to greatly reduce the size
of the problem by considering the mechanics of a single represen-
tative fishscale instead of a large assembly of them. Microstruc-
tural characteristics such as scale size, arrangement, and
properties can thus be entirely described in terms of this single
scale geometry and applied boundary conditions (Fig. 1). This sim-
ple model can then be used obtain a relationship between the
macroscopic response of a scaled skin and the nature of its under-
lying structure. The free-body diagram of a fishscale subjected to
several applied forces and moments arising from dermis-scale
and scale-scale interactions is depicted in Fig. 1. In particular, we
consider:

� The force exerted by the left scale applied at the point of con-
tact. This force is comprised of a normal force fL

n and a tangen-
tial force fL

t resulting from friction.
� The force exerted by the right scale applied at the right extrem-

ity of the principal scale. This force can also be decomposed into
a normal fR

n and tangential fR
t component, with respect to the

right scale. Because of the periodicity argument, the magnitude
of these forces is equal and opposite to fL

n and fL
t .

� A moment mD resisting scale rotation around its support.

Remark 1. In the proposed model, assumption of a constant cur-
vature of the support allows us to neglect the effect of local support
deformation and concentrate on the response from fishscales
exclusively. Interaction between fishscales and a flexible support
may be considered and a more realistic model, left for future stud-
ies. This will be a particular interest to study the interaction
between fishscales and soft tissue deformation, which can be an
important aspect of fish-skin deformation in certain conditions
(Brainerd, 1994a,b).





Upon solving for the beam’s orientation / = /(s), the deformed
shape of the scale, given by the coordinate x = (x(s),y(s)) of points
on the centroid, is calculated as follows:

xðsÞ ¼ xð0Þ þ
Z S

0
qð/ðnÞÞdn ð5Þ

where the expression for q is an explicit function of / and applied
forces that takes the form:

qð/Þ ¼



3.1. Homogenization procedure

The relation between microscopic forces and macroscopic
bending response is obtained by a homogenization procedure, a
method that has been documented for a variety of materials and
structures (for instance, see Vernerey et al., 2006). In this work,
the homogenization procedure aims at relating the forces and mo-



Fig. 3. Effect of scale attachment and scale overlap on the macroscopic behavior of fishscale structure.

Fig. 4. Variation of stiffness and contact force with scale fraction.

F.J. Vernerey, F. Barthelat / International Journal of Solids and Structures 47 (2010) 2268–2275 2273
(since one considers scales as homogeneous plates in this study).
However, as thickness becomes larger, the effects of shear defor-
mation are known to becomes increasingly important. Fig. 5 shows
the effect of the shear resistance GA/EI (relative to bending resis-
tance) on the macroscopic bending moment response. While the
figure concentrates on the case where d/‘ = 0.5 and KD/EI = 1, sim-
ilar trends can be shown for other cases; both average stiffness and
Fig. 5. Effect of scale relative shear resistance GA/EI on
strain-stiffening decrease with the shear modulus. Observing the
structure’s deformation (Fig. 5, right) indicates that for lower shear
stiffness, a localized shear deformation appears at the contact point
between scales. As a consequence, large scale deformation occurs
with a very small stored elastic energy, which explains the
decreasing stiffness with decreasing shear stiffness GA. Finally,
the role of inter-scale friction was assessed. For the range of
the macroscopic response of fishscale structures.



curvature being investigated (j/‘ < 1), we found that the role of
friction on the overall bending stiffness is negligible. This trend
was true for all scale fraction and ratio KD/EI investigated in this
paper.
4. Discussion



limitations can be overcome by considering the following aspects
into future research:

� As mentioned earlier, the incorporation of the underlying skin
elasticity and its effect on the effective properties can be of
interest in certain conditions (Brainerd, 1994a,b). The proposed
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