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lightweight or protection against certain threats. However, in 

most cases, nature takes a different route to solving engineering 

problems [2], and does so by adopting highly efficient solutions. 

Nature can therefore serve as a significant source of inspiration 

for new and alternative engineering designs. Following these 

principles, biomimetics has recently started to yield materials with 

remarkable properties [3]. The natural materials that served as 

“models” for these recent developments include seashells [4] , glass 

sponge skeleton [5] or toucan beaks [6]. Made of relatively weak 

materials, the mechanical performance of these natural materials 

comes from their microstructure, often complex and arranged over 

several distinct length scales (hierarchical structure). A fundamental 

understanding of the relationship between structure and function is 

therefore required and will give invaluable insight in how to design 

tomorrow’s engineering materials [3]. 

The scaled skin of fishes is another example of a natural 

material with remarkable mechanical properties: compliance, re­

sistance to penetration, light weight, and ultra-thin structure. Fish 

scales exhibit a great variability in shape, size and arrangement. 

The general classification includes cosmoid, ganoid, placoid, and 

elasmoid (cycloid and ctenoid) found in the modern teleost class 

of fishes [7]. The “primitive” cosmoid and ganoid scales are 

bulky, bony scales which offer very effective protective properties, 

through a multilayered structure capable of a variety of dissipative 

mechanisms [8]. Over the course of evolution the reduction of the 

integumental skeleton has improved swimming performance [9], 

and the “ancient” cosmoid and ganoid scales have been replaced 

by the thinner, more flexible teleost scales [10]. Teleost scales have 

excellent hydrodynamic properties [11] and provide a protective 

layer resisting penetration and in fact, teleost fish scales are so 

tough that they cannot be easily fractured even after immersion 

in liquid nitrogen [12]. At larger lengths, the arrangement of the 

scales provides a flexible skin that allows for changes in shape. In 

fact, the scaled skin has been shown to play a critical structural role 

in fish locomotion by regulating wave propagation and by storing 

mechanical energy in order to make swimming more efficient [13, 

14]. Overall, themechanics of fish-scales has received relatively little 

attention from the materials development community [15–17]. 

© 2013 by Taylor & Francis Group, LLC
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25.2 The Hierarchical Structure of Fish Scales 

A paradigm in the construction of natural materials from basic 

“building blocks” such as amino acids or nano-flakes of mineral 

is hierarchy [18, 19]. Teleost fish scales display a characteristic 

hierarchical structure, as depicted on Fig. 25.1. At the macroscopic 

level, the scales are staggered and cover most of the body of the 

fish (Fig. 25.1a). This arrangement provides a continuous barrier 

to penetration, together with flexural compliance. When the fish is 

highly curved at the end of a swimming stroke, the scales interact 

more strongly, which stiffens the skin in flexion [20]. The skin then 

acts as an “external tendon”, storing-267(the)f9  

http:irregularpentagonalshape,about10mmindiameter(Fig.25.1b
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25.3 Tensile Testing of Individual Scales 

Small scale tensile tests can reveal the basic mechanical properties 

of individual scales and of the two layers that composes them. Here 

scales were plucked from fresh striped bass (Morone saxatilis) using 
tweezers and stored in a freezer at –20◦

http:0.005mm/s(correspondingtoastrainrateof1.25
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strength at 100 MPa and its strain at failure at 30%. This compares 

well with current experimental results, showing that the tensile 

behavior of the collagen layer is largely controlled by the stretching 

of straight, individual collagen fibrils. 

While it was not possible to isolate the bony layer for testing, 

its properties were inferred from the whole scale and collagen only 

tensile test results. In the elastic regime, the whole scale behaves 

like a two-layer, constant strain composite. Since the thickness of the 

bony and collagen layers is similar, the modulus of the scale is given 

by 

1
ES =  (EC + EB) (25.1)

2

where EC and EB are Young’s moduli of collagen and bony layers, 
respectively. The modulus of bony layer can then be estimated by 

using 

EB = 2ES − EC (25.2) 

The strength of bony layer can be evaluated with a similar 
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Figure 25.5 (a) Experimental setup of the puncture test; (b) typical force­

displacement curves of striped bass scales, polystyrene and polycarbonate 

disks. 

(the mass per unit area) of the protective layer was then same 

for fish scale, PC and PS. Remarkably, the fish scale provided a 

significantly higher resistance to puncture compared to these high 

performance engineering polymers (Fig. 25.5b). 

The penetration curves consist of three distinct stages investi­

gated in detail by imaging of the puncture site at different points 

on the penetration curve (Fig. 25.6). Stage I is the initial linear 

region, which is dominated by flexion of the entire scale and by 

damage and indentation of the surface of the bony layer. At a force 

of about 2.2 N, the force drops slightly, which is associated to the 

sudden cracking of the bony layer. Bony and collagen layers have 

the same thickness, but since the bony layer is stiffer, the neutral 

plane of the scale lies within the bony layer. As a result, flexural 

http:performanceengineeringpolymers(Fig.25.5b
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Figure 25.6 (a) Load–displacement curve showing three distinct stages; (b) 

images of the bony and collagen sides. See also Color Insert. 

while remaining intact, detaches from the bony layer over a ring­

like area observable with the optical microscope. The cracking of the 

bony layer marks the beginning of stage II, dominated by further 

flexion of the scale, radial propagation of the cross cracks as the 

four “flaps” of bony material are bent toward the collagen layer, and 
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25.5 Analytical Model 

The mechanisms operating at stage II were investigated, since they 

are powerful enough to increase the resistance of the scale by an 

additional 1 N. In particular, the controlled deflection of the four 

“bony flaps” was examined using an idealized three-dimensional 

geometry shown in Fig. 25.7a,b. Each of the four flaps was assumed 

to be rigid and hinged along a straight line at the bone/collagen 

interface. The force from the needle was assumed to be evenly 

distributed on the flap tips. Only two loads can resist the deflection 

of the flaps by balancing the force from the needle: (i) the bending 

moment transmitted through the remaining ligament of the bony 

layer, and (ii) the intact collagen layer, which acts as a “retaining 

membrane” for the flaps and whose cross-ply structure is ideal for 

catching the flaps. The bending moment transmitted at the ligament 

was evaluated by assuming perfect plasticity in the bony layer with 

σY = 60 MPa (evaluated from tensile tests). In order to balance 
this moment, the force applied by the needle was estimated at 1.2 

N [29], which is actually below the force at which the bony layer 

fractures. This value represents an upper bound estimate, since in 

reality the bony layer probably cracks before the full plastic state 

can be reached. This prediction shows that in stage II, there is no 

bending moment transmitted at the bony flaps, and that the flaps 

can be assumed to rotate about frictionless hinges. The images show 

circumferential cracks in the region of the hinges, confirming that 

little or no bending moment can be transmitted though the bony 

hinge. 

The second mechanism examined was associated with the 

collagen, which acts as a retaining membrane for the flaps. In the 

model (see [29] for details), the collagen layer was assumed to have 
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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. 25.8). This simple model 

can then be used obtain a relationship between the macroscopic 

response of a scaled skin and the nature of its underlying structure. 

The free-body diagram of a fish scale subjected to several applied 

forces and moments arising from dermis–scale and scale–scale 

interactions is depicted in Fig. 25.8. In particular, the following are 

considered: 

The force exerted by the left scale applied at the point of contact. 

This force is comprised of a normal force f L and a tangential force n 

f L 
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deformations. Duringmacroscale bending, each scalemay undergo a 

significant amount of deformation depending to their geometry and 

properties. It is thus essential to incorporate the nonlinear effect 

of finite rotation and deformation into the model. The approach 

taken in this analysis relies on a hybrid analytical-computational 

formulation for which details can be found in [31]. In a nutshell, 

the method consists of solving a nonlinear ordinary differential 

equation for the orientation φ of the beam’s centroid, that takes the 

following form: 

∂2 
U = E I (φ − φ0)+ g (s) = 0 (25.4)

∂s2 

where E and I are the are Young’smodulus andmoment of inertia of 
the scale’s cross section, respectively, φ0 is the initial orientation of 

the beam’s centroid and s is the curvilinear coordinate, referring to 
the initial scale configuration. The function g is a nonlinear function 
of the beam’s orientation and the applied forces whose general 

expression is given by 

g (s) = w♦F + αF · P1 − m (25.5) 

where operation♦ is defined asw♦F = wx Fy−wyFx and the vector 
− sin 2φ cos 2φ 

w and matrix P1 =  are functions of the beam’s 
cos 2φ sin 2φ 

orientation. In addition, F is an integral measure of the forces f L , 
f R applied on the beam (see [20] for details) and m is the applied 

moment at point s . In this particular case, 

m (0) = mD and m = 0 when x �= 0 (25.6) 

Finally, the constant α is written in term of the shear modulus G , 
axial modulus E and the beam cross section A as follows: 

1 1 1 
α = −  (25.7)

2 E A G A  

Upon solving for the beam’s orientation φ = φ (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: 

s 

x (s) = x (0)+  q (φ (ξ))dξ (25.8) 
0 

© 2013 by Taylor & Francis Group, LLC
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where the expression for q is an explicit function of φ and applied 

forces that takes the form: 

q (φ) = w + P2 · F (25.9) 

β + α cos 2φ α sin 2φ 1where matrix P2 =  , β = 
2α sin 2φ β + α cos 2φ 

1 1 . The above formulation is a very efficient way to E A  + kG A 
investigate the large deformation of a beam, including bending, 

sha ben98(,)12(oraxial)12(y ormation )183(ohat)-21(app2(orbucklTJ�.MC �/P ­­/MCID 14 ��BDC5�/T1�3 1 Tf�7.9701 Tc 0.778 0  Td�0�(a )18es)]TJ�/–ss)]TJ�/1�2 1 Tf�( )Tj�/T1�4 1 Tf�3.646 0 T90(+)Tj�/T1(ap2 1 Tf�( )Tj�/T1�4 1 Tf�3.002 0 T794(cos)-16DC mis–ss)]TJ�/1�2 1 Tf�( )Tj�/T1�4 1 Tf�3.646 05.6�(q)Tj�/(v)20(eract21(e)22(]TJ�/T1�2 1 Tf�( )Tj�/T1�4 1 ­­/MCID 14 ��BDC �/T1�5 1 Tf�6.9738 4.414 -2.6.97�[(f)12(orIohat5-21ddi83(ohat52)]TJ�Ehat52)scJ�/1at52)ormation )183(o,hat52)](f)1253(modelhat52)shouldhat52� T557�
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mD resisting the rotation of the scale at its attachment point, given 

by 

D D Sm = K D θ S − θ = K D θ (25.14) 

where θ D and θ S are the rotation of the dermis and the scale 

at their point of intersection and K D is the angular stiffness of 

the attachment. The rotation of the dermis θ D vanishes for the 

representative scale. 

25.6.2 Results 

Figure 25.9 depicts the computed scale deformation for a macro­

scopic bending of κ/ l ≈ 1, with various values of scale bending and 
shear stiffness. Generally, if t is the thickness of the scale, the ratio 
GA/EI is comparable to 1/t2. In other words, a low relative shear 
resistance will be encountered for thick scales, while a high relative 

bending stiffness will be encountered when the scales become thin. 

The figure shows that different scale properties and geometry leads 

Figure 25.9 Scale centroid deformation for amacroscopic bending of κ/ l ≈ 
1. 

http:KD�(25.14
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to very different deformation of the fish-scale structure. For clarity, 

the figure depicts the left and right scales, which undergo the same 

deformation as the primary scale. The results are shown for a scale 

discretization of 200 elements [20]. A high number of nodes were 

necessary in order to accurately capture the location of the contact 

force. 
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solution to prevent this kind of failure, due to its strain-stiffening 

behavior in the concave side of curvature. In addition, the role 

of fish scale as an external tendon is plausible, since the stored 

energy, which increases with curvature, may be restituted to the 

fish to increase locomotion speed. The scale structure could then be 

compared to a bouncing spring, converting its stored elastic energy 

into kinetic energy. 

Another critical role of fish-scale structure is the protection 

of fish against a predator attack in the form of biting. From a 

mechanical view point, this situation can be compared to the 

indentation of a soft material (the fish body) covered with fish 

scales. As shown in Fig. 25.10b, the fish scale structure will (i) 

redistribute the curvature in a region whose size is proportional to 

scale size and (ii) due to the strain-stiffening response, an increasing 

indenting forcewill result in an increase of strain redistribution until 

failure of the indented scale occurs. Both features will contribute 

in minimizing force concentration, redistributing energy within the 

structure and thus retarding final failure. 

25.7 Conclusions 

Individual teleost fish scales are high performance natural protec­

tive systems, offering resistance to puncture superior to modern 

engineering polymers typically used for protective applications. 

Remarkably, fish scales are made of materials that are both softer 

and weaker than these engineering polymers, which highlights the 

important role of the structure of the scale in “amplifying” the 

properties, as seen in other biological materials [33–35]. The high 

performance of the scales attributes to a fine balance of structure 

andmaterial properties, and in particular the hardness and stiffness 
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