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Abstract

In this work, several bio-inspired thin-ply CFRP laminates mimicking the helicoidal architecture of the
mantis shrimp's dactyl club periodic region have been modelled and tested under low velocity impact
(LVI) and compression after impact (CAl), investigating the effect of the inter-ply angle (pitch angle)
on the mechanical response and damage characterization of the biomimetic laminate. The use of thin-
ply technology has allowed for the first time to explore the effect of very small inter-ply angles, down
to 2.5°, better mimicking the microstructure of the dactyl club and achieving failure mechanisms akin
those observed in the natural microstructure. Tests conducted for a wide range of pitch angles (2.5°, 5°,
10°, 20°, 45°) show that, by decreasing the pitch angle, is it possible to better mimic the failure
mechanisms observed in the biological microstructure.

1. Introduction

Non-standard lamination sequences inspired by naturally-occurring impact-resistant microstructures,
such as Bouligand [1] structures (Figure 1a), have been investigated in the literature for improving the
resistance of standard CFRP laminates to out-of-plane loads. Bouligand-featured structures can be found
for example in the mantis shrimp dactyl club (Figure 1b). The latter consists of a repetition of Bouligand
units, stacked up along the thickness direction. Each Bouligand unit contains a helicoidal layup with
very small inter-ply (pitch) angles (from 6° down to 1.6° [2]) for a total rotation of 180° inside each unit.

This particular architecture unveils an interesting failure mechanism under impact (Figure 1c): matrix
cracks tend to grow in a double helicoidal pattern, parallel to the local fibre orientation, leaving fibres
mostly undamaged, and with limited delaminations [2]. This allows biological Bouligand structures to
withstand several impacts and yet retaining more of their undamaged mechanical properties.
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Figure 1. (a) Schematic of a Bouligand structure, i.e. a helicoidal arrangement of fibrous UD layers
with constant pitch angle 6. (b) Photograph of the mantis shrimp (Christian Gloor, 2015). (c)
Schematic of the double helicoidal crack typical of impacted Bouligand structures.

In this work, we aim at gaining a better understanding of how the pitch angle can promote the formation
of crack paths similar to those observed in biological Bouligand arrangements and at how to mimic the
same with CFRPs. To achieve these goals, we decided to use thin-ply composites, with ply thickness
down to 0.02 mm (20 gsm). This allows us to explore, for the first time in the literature, small pitch
angles and large numbers of repetitions in laminates with a reasonable overall thickness. By
investigating a wide range of pitch angles (2.5°, 5°, 10°, 20°, 45°), we aim to establish any correlation
between (i) pitch angle and (ii) response to low-velocity impact and corresponding residual compressive
strength of biomimetic Bouligand CFRPs.

2. Experimental tests
2.1. LVI and CAI
Low Velocity Impact tests were conducted using a drop weight tower following the ASTMD7136 [9]

standard. After being impacted, samples were scanned with ultrasonic C-scans to characterize the
different types of damage, as shown in Figure 2.
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Figure 2. C-scan image of an impacted Bouligand thin-ply CFRP laminate
with a pitch angle 46 = 2.5°.
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Figure 3. (a) CAl test fixture. (b) CAl force versus Displacement

Subsequently, the samples were compressed following the ASTMD7137 [10] standard. A photograph
of the set-up and the results in terms of CAl force versus displacement for each sample are reported
respectively in Figure 3a and Figure 3b.

2.2. Analysis and Discussion

The analysis of C-scan images shows that reducing the pitch angle leads to a smooth helicoidal evolution
of damage where delaminations are progressively spread through the thickness of the laminate in a 'stair-
case' fashion, following the local fibre orientation. This characteristic pattern is more pronounced as the
pitch angle is reduced. As shown in Figure 2, in the 46 = 2.5° configuration, delaminations are very
well aligned with a direction dictated by the local fibre orientation and evenly distributed through the
thickness of the laminate. In addition, in terms of total projected delamination area, an overall decrease
of about 29.5% is observed respective to the laminate with the largest pitch angle (46 = 45°).

Concerning the CAl test results, it is very interesting to notice that the 46 = 2.5° configuration, in which
only 2.7% of plies are aligned with the loading direction (0°-plies), was able to retain a similar
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compressive strength to the 46 = 45° configuration, in which 26% of the total number of plies are
aligned with the loading direction.

3. Conclusions

Several bio-inspired Bouligand thin-ply CFRPs laminates with pitch angles ranging from 46 = 2.5°
up to 45° have been investigated. LVI and CAl test have been conducted to study the influence of
pitch angle on damage morphology and mechanical response of the laminate. The main conclusions of
the work are:

0] reducing the pitch angle leads to better mimicking the failure mechanisms of natural
occurring Bouligand structures. In particular, the 46 = 2.5° configuration showed a
helicoidal formation of damage with delaminations forming at several ply interfaces
following the local fibre direction;

(i) The 46 = 2.5° configuration succeeded in obtaining the same CAl strength as the 46 =
45° configuration, with only 2.7% of plies aligned in the loading direction (instead of 26%
for the A6 = 45° configuration).
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