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Abstract
This paper proposes a novel biomimetic Carbon Fibre Reinforced Polymer (CFRP) with a
microstructure inspired by fish scales. The aim of the novel microstructure is to improve the
perforation resistance of CFRP without compromising its flexibility. To this end, we prototype
the first ever CFRP laminate with scales and test it in quasi-static indentation on a soft backing
material. We compare the mechanical behaviour of the CFRP with scales to two baseline
configurations with conventional lay-ups. The results presented in this paper suggest that the
CFRP with scales significantly outperforms the two baseline configurations in terms of force
and displacement at penetration, while being flexible. This makes CFRPs with scales an
attractive alternative for applications where perforation resistance is paramount, such as body
armour against low velocity strikes.
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1. Introduction
Nature has many interesting composite materials with outstanding mechanical properties,
which has inspired researchers to design new generations of high-performance materials [1-3].
One example of a natural composite with excellent mechanical properties is fish skin. It
combines low weight, high flexibility, and penetration resistance to allow for unrestricted
movement while providing protection against predatory attacks [4, 5]. These features make fish
skin one of the most effective protective systems without compromising mobility [6].
Fish skin consists of hard, finite-sized scales that attach to soft and flexible dermis to form an
overlapping, imbricated, arrangement [6]. The individual scales have a Bouligand
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microstructure [7], and the soft dermis is covered by approximately three scales at each point
[6].
The overlapping structure provides the fish with many strategies for protection. The main
deformation mechanisms associated with fish skin are bending of individual scales, rotation of
the scales at the contact point with the dermis, shearing of the dermis, and strain-stiffening
when the scales start to interact with each other upon bending [8]. When the fish is under attack,
the overlapping scales also distribute the penetration force on a larger area when compared
with a monolithic structure [4]. Furthermore, because the scales overlap, the failure of one scale
does not lead to catastrophic failure on the macroscopic scale [5].
Despite its interesting mechanical properties, few attempts have been made to mimic the
deformation mechanisms of fish skin in synthetic composites, and none using CFRP. The
synthetic composites inspired by fish skin reported in the literature include studies using 3D
printed polymers [8-11], ceramics [12], and glass [13].
In this work, we propose the first ever CFRP laminate with scales in the literature and
compare its mechanical behaviour to two baseline configurations with conventional lay-ups.
We test the CFRP with scales and the baseline configurations in quasi-static indentation on a
soft foundation, and demonstrate that the CFRP with scales can be loaded up to higher load
and displacement before failure than the baselines, while retaining its compliance. The CFRP
microstructure presented here therefore has potential for applications that need to be flexible
and penetration resistant, such as protective armour.

2. Methods
2.1. Design and prototyping
We designed an original imbricated CFRP microstructure with dimensions based on natural
scaled composites and relevant manufacturing considerations (see Figure 1). The CFRP with
scales consisted of a quasi-isotropic laminated base plate (lay-up sequence [0°/+45°/90°/45°]S) and cross-ply scales (lay-up sequence [0°/90°]S), each scale measuring 10 mm x 10 mm.
The scale overlap was designed such that the ratios followed the ratios in natural teleost fish
skin [8], and such that, at each point of the microstructure, the base plate was covered by three
scales on average.
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Figure 1. Dimensions and prototyping procedure for fish scale inspired CFRP.

We subsequently prototyped the CFRP with scales using SkyFlex USN020A thin-ply
prepreg. The rows of scales were sequentially laid on the base plate, leaving 1.5 mm of the
scale for attaching it to the base and placing non-stick film between each layer of the scales to
keep them separated during curing (see Figure 1).
In order to evaluate the effectiveness of the imbricated CFRP microstructure, we also
manufactured two baseline configurations using SkyFlex USN020A thin-ply prepreg – a
baseline with quasi-isotropic lay-up [0°/+45°/90°/-45°]S and a baseline with quasi-isotropic
lay-up sandwiched between a cross-ply: [0°/90°/0°/+45°/90°/-45°]S. The baseline
configurations were chosen such that the expected stiffness of the CFRP with scales would lie
between the stiffness of the two baseline configurations. All configurations were cured in the
autoclave according to the prepreg manufacturer's recommendations (125 °C, 6 bar). The
densities of the CFRP with scales, the quasi-isotropic baseline and the quasi-isotropic/crossply baseline were 930 kg/m3, 840 kg/m3 and 970 kg/m3, respectively.
2.2. Mechanical testing
One specimen for each configuration (i.e., the two baselines and the CFRP with scales) was
tested in quasi-static indentation on a soft backing material. The chosen test configuration was
based on the stab vest testing standards outlined by the UK Home Office [14], and on other
quasi-static tests in the literature [15].
The specimens, each measuring 83 mm x 83 mm, were placed in a contained filled with
Plastiline 40 modelling clay acting as the soft backing material. The specimens were tested
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using a sharp indenter with a constant displacement rate of 1 mm/min. The displacement was
reversed at the displacement of 8.5 mm.

3. Results
The results of the tests are summarised in Figure 2 and 3. Figure 2(a) shows the load, P, vs
displacement, δ, curves of the two baselines and the CFRP with scales. Figure 2(b) shows the
stiffness, k, of the tested specimens measured from the linear part before specimen perforation
(seen as the first load drop in Figure 2(a)) as categorical values, the force Pp and displacement
δp at perforation, as well as the total energy (area under the load vs displacement curve) of the
specimens, U.

Figure 2. (a) The load vs displacement graphs of the tested specimens; (b) the force at perforation, Pp, displacement, δp, and
energy, U, for the different stiffnesses k of the tested specimens. The stiffness k was measured from the linear part before the
first load drop.

The mechanical response of all specimens is initially non-linear when the sharp indenter
pushes the specimen against the soft backing material (Figure 2(a)). This is followed by a linear
region and a load drop associated with specimen perforation. Following the first load drop, the
load has an increasing trend until the displacement is reversed at δ = 8.5 mm.
Figure 3 shows the back face (Figure 3(a)-(c)) and the strike face (Figure 3(d)-(f)) of the
quasi-isotropic baseline, the quasi-isotropic/cross-ply baseline and the CFRP with scales,
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respectively. Figure 3(g) shows the strike face of the CFRP with scales at an angle, showing
out-of-plane damage on the specimen.

Figure 3. Damage on the conventional baseline CFRPs and the CFRP with scales after testing.

4. Discussion
The load vs displacement curves are qualitatively similar for all tested specimens (Figure
2(a)). The load grew until the first load drop, which is caused by the sharp indenter perforating
the test specimen. After perforating the specimen, the indenter pushed further into the soft
backing material and enlarged the hole in the specimen, which is seen as predominantly
increasing load in the load vs displacement curve.
With respect to the quasi-isotropic baseline and the quasi-isotropic/cross-ply baseline, the
CFRP with scales led to an increase in perforation load of 64% and 46%, respectively, and in
perforation displacement of 58% and 53%, respectively, while having a stiffness close to that
5

of the softer quasi-isotropic baseline and dissipating as much energy as the stiffer quasiisotropic/cross-ply baseline (Figure 2(b)). This indicates that the scaled microstructure in CFRP
enhances the penetration resistance without making the structure significantly stiffer.
The damage in all tested specimens is concentrated on a relatively small area (Figure 3), with
the quasi-isotropic/cross-ply baseline having the largest damaged area on the back face. The
quasi-isotropic and the quasi-isotropic/cross-ply specimens have a distinct hole from the
indentation visible on the back and front faces of the tested specimens, while no distinct hole
is visible on the CFRP with scales. Furthermore, the damage on the strike face of the CFRP
with scales (Figure 3(f)) shows a smaller indented area than those of the quasi-isotropic and
quasi-isotropic/cross-ply specimens (Figure 3(d) and (e), respectively). Figure 3(g) shows
diffuse out-of-plane damage on the CFRP with scales, suggesting that the scales have interacted
during deformation and distributed the load on a large area, leading to enhanced perforation
resistance.

5. Conclusions
This paper investigated the first biomimetic CFRP composite inspired by fish scales in order
to achieve a microstructure that resists penetration damage without compromising flexibility.
It can be concluded that:
•

the first ever prototyping route to synthesise the scaled CFRP microstructure was
conceived and the microstructure was subsequently successfully prototyped;

•

the scaled microstructure is resistant to penetration, leading to increase in penetration
load and displacement when compared with baseline configurations with
conventional lay-ups;

•

the scales in the biomimetic CFRP distribute the point load in quasi-isotropic
indentation on a large area, demonstrated as out-of-plane deformation on the
specimen.

In summary, this paper presented the first ever CFRP with scales in the literature, and
demonstrated that it is effective in redistributing forces from a point load, thus improving its
penetration resistance. The microstructure presented here therefore has potential for
applications that need to be both flexible and penetration resistant, such as body armour.
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