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Abstract 

Weight reduction has always been a leading factor in aircraft’s development. More than twenty 

years ago, a weight saving of one pound (0.454 kg) represented a fuel saving, on a full-service 

commercial aircraft, of about 1586 [liters/year] (Kaw, 1997). The use of composite materials, 

such as carbon fiber, offers weight savings, on average, of about 20%, when compared to more 

conventional aluminum designs (Boeing, 2006). High performance composites often require 

autoclave ovens that imply high costs that some industries cannot support. Bio-inspired 

solutions have been applied, often resulting in improved mechanical performance. The most 

severe threat for composite materials, during in-service life, is the impact, especially low velocity 

impact (LVI). This is due to the fact that this solicitation can reduce the damage resistance up to 

60% with barely visible damage. In this work, carbon fiber laminates with three stacking 

sequences were produced by vacuum bag infusion – one with an aeronautical standard 

stacking sequence and two with bio-inspired. These laminates were then characterized by three 

test methods: tensile testing, interlaminar shear strength and impact testing. In order to assess 

damage, three non-destructive techniques were applied: visual inspection, ultrasonic inspection 

(C-Scan) and thermography. The results suggest that there is a transition energy level (around 

25 J) above which the bio-inspired laminates start absorbing more energy than the standard. 
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1. Introduction

A composite material can be defined as the 

combination of two or more materials that 

do not dissolve or merge completely in 

each other, with the purpose of obtaining 

improved mechanical properties for a given 

application. The constituents remain 

separate and distinct within the composite 

material. 

Composite materials applications have 

been found throughout history. The first 

known example is believed to be the wood 

strips glued at different angles to create 

plywood, circa 3400 B.C., in Mesopotamia. 

Around 2100 B.C. Egyptians produced 

death masks out of cartonnage, a material 

made from papyrus or linen, soaked in 

plaster and then molded on a wooden mold. 

 

Figure 1: Ancient composites: a) plywood 
used in Egypt

i
; b) Egyptian ptolemaic gilt 

cartonnage sarcophagus mask
ii
; c) mud and 

straw bricks
iii
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Mesopotamians and Egyptians embedded 

straw to reinforce mud bricks, pottery and 

boats, around 1500 B.C. - Figure 1. 

The invention of phenolic resin – applied in 

the De Havilland Mosquito fuselage - was 

only six years after the first Wright brother’s 

flights of 1903 - Figure 2. 

 

Figure 2: a) Wright brother’s model; b) De 
Havilland Mosquito fuselage. 

Despite the earlier composites application 

in aircrafts, its broader use in the 

aeronautical industry only began in the 

1950’s, with the development of glass 

fibers. But their use was irrelevant until 

1964, at the Royal Establishment in 

Farnborough, with the discovery of carbon 

fibers. 

 

Figure 3: Airbus composite structural weight 
evolution

iv
. 

Nowadays, aircrafts like the Airbus A350 - 

Figure 3 - or the Boeing 787 are constituted 

of around 50%, of their structural weight, in 

composites. 

Out of Autoclave (OoA) composites can cut 

the production time by 40% and the costs 

by 50%. This is expected by Spirit 

Aerosystems, a composites manufacturer. 

Another advantage proclaimed by 

composites manufacturers is the possibility 

of easier maintenance (Derber, 2017). 

These composites are being increasingly 

used in the aeronautical sector - Figure 4. 

 

Figure 4: 787 Dry fiber/infused parts include 
(left to right) ailerons and flaps, fuselage 

frames and the aft pressure bulkhead of the 
fuselage (Dry Composites, 2013). 

Of course Out of Autoclave (OoA) 

composites have disadvantages, being the 

most pronounced its void content. This 

process usually presents 3-5% of voids, 

while autoclave composites are produced 

with less than 1%. An increase of 1-3% of 

voids may decrease mechanical properties 

by 20% (Soutis, 2005). 

Impact damage on aircrafts can result from: 

1)  maintenance damage or dropped tools 

(less than 10 m/s); 2) hail (reaching impact 

velocities of 60 m/s on the ground and in 

the order of hundreds of meters per second 

in-flight); 3) runway debris (in the order of 

60 m/s); 4) collisions between service cars 

or cargo and the structure; 5) bird strikes; 6)  

ice from propellers striking the fuselage; 7) 

engine or other part debris and 8) ballistic 

impact (for military aircraft). Examples are 

presented in Figure 5. 

 

Figure 5: a) Aircraft maintenance
v
; b) debris 

impact
vi
; c) bird-strike

vii
. 

Inspiration in nature is nothing new. 

Solutions we apply today came from our 

observation of natural phenomena. 

Examples are shown in the way we build 

aircrafts and on how we store solar energy - 

Figure 6. 

 

Figure 6: Bio-inspired solutions. 

From the biological systems that reveal a 

twisted laminated structure, one of the most 

fascinating is the Mantis Shrimp or 
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stomatopods (Odontodactylus scyllarus), 

which is an ancient member of an order of 

crustaceans, Stomatopoda. 

 

Figure 7: a) Odontodactylus scyllarus - also 
known as mantis shrimp; b) peacock mantis 

shrimp striking a shell
viii

. 

Mantis shrimp dactyl clubs - Figure 7 - 

withstand thousands of high velocity and 

accelerations (over 20 m/s and 105 m/s
2
) 

strikes on sea shells and other prey, on 

which they feed (Patek & Caldwell, 2005). 

Despite the studies that have been 

developed regarding helicoidal structures, 

there is a lack of studies about the 

interlaminar shear behaviour, where failure 

is common in composite helicoidal 

laminates, and assessing their mechanical 

performance under shear and normal 

stresses. Furthermore, the crack 

mechanisms between the fiber layers of 

helicoidal structures are not well 

understood (Ribbans, 2015). 

2. Experimental 

The experimental work was developed in 

PIEP, located in the University of Minho, 

campus of Guimarães. The fiber selected 

was an unidirectional carbon fiber - Pyrofil 

TR50S 6K in the fabric from Dynanotex HS 

24/150 DLN2 – promoting a thickness of 

approx. 0.145 mm per final composite layer 

and an aerial weight of 150 g/m
2
. The 

matrix consisted on the resin Biresin CR83 

with the hardener CH83-6, from Sika. 

The laminates were produced with three 

different stacking sequences: an 

aeronautical standard (LS), provided by 

Embraer, and two bio-inspired – a helicoidal 

(HL) and a helicoidal-symmetric (HL-S). 

The stacking sequences are described in 

Table 1. 

 

Figure 8: Progression of the resin during the 
infusion.  

For the helicoidal stacking sequences, 

given the small angle differences between 

the plies (13.3º), a laser cutting machine 

was used. All laminates were produced by 

vacuum bag infusion at room temperature 

and after they were post-cured, inside an 

oven at 70ºC for 8 hours. The final 

laminates had an approximate thickness of 

4 mm, as recommended for the impact test. 

The infusion is represented in Figure 8. 

When testing different procedures, a 

laminate with a peel-ply under the layers 

(on the glass, A-side of the mould) was 

applied. After the production of the 

laminates, some specimens were cutted 

and inspected by ultrasonic testing (C-Scan 

in IDMEC- University of Lisbon) and by 

thermography analysis – in FEUP 

(University of Porto). No major defects were 

observed.

 

Table 1: Laminates stacking sequence 

Designation Description Number of plies Configuration 

LS Standard 28 [0/45/90/-45/45/-45/0]2s 

HL Helicoidal 28 [0/13.3/26.6/.../360] 

HL-S 
Helicoidal-
symmetric 

28 [0/13.3/26.6/.../173.3]s 
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3. Mechanical Tests 

Tensile Testing 

The tensile testing was performed in a MTS 

model 45 (647 Hydraulic Wedge Grip) 

electromechanical at PIEP – Guimarães. 

The results are summarized in Table 2. For 

this purpose were tested: five LS 

specimens, eight HL and nine HL-S. The 

specimen’s nominal dimensions were 

250x25 mm, in accordance with standard 

(ASTM D3039, 2002). Square tabs were 

used. 

Table 2: Tensile test results. 

Laminate     [MPa] Eest [GPa] 

LS 510.46 30.53 

HL 389.51 28.64 

HL-S 349.93 27.43 

 

As expected, due the higher number of 0º 

plies (eight against only two for the 

helicoidal stacking sequences), the 

standard laminate presented the highest 

tensile strength and estimated Young’s 

modulus. Considering the failure modes, 

while all the standard (LS) specimens failed 

near the tabs, four (out of eight) of the 

helicoidal (HL) specimens failed far from 

the tabs. An example of a fractured 

specimen is presented in Figure 9. It is also 

worth noting that, while all five LS 

specimens exceeded 3 mm of 

displacement, none of the seventeen 

helicoidal specimens achieved this 

displacement. 

 

Figure 9: Example of LS2 failure mode detail. 

 

 

Interlaminar Shear Strength Test (ILSS) 

The interlaminar shear strength test was 

performed in a Shimatzu AG with a 50 [kN] 

load cell, located at PIEP – Guimarães. The 

results are illustrated in Figure 10. For this 

purpose were tested: six LS specimens, six 

HL specimens and five HL-S specimens. 

The specimens had the nominal 

dimensions of 40x12 mm. 

 

Figure 10: Interlaminar Shear Strength 
results. 

The standard stacking sequence presented 

the highest value of ILSS (26.25 MPa), 

while the bio-inspired specimens presented 

average ILSS ratios off 85.79% and 81.45% 

of the LS value, for the HL and HL-S, 

respectively. But when considering the 

failure modes, it is suggested that the 

results obtained for the standard specimens 

(LS) did not correspond to interlaminar 

shear strength as much as the bio-inspired 

specimens. While the main objective of this 

test is to induce interlaminar shear, all the 

specimens from the standard stacking 

sequence (LS) presented also flexure 

behavior. Besides, the load vs. 

displacement curve presented a steeper 

drop for the standard laminate - Figure 12 – 

than for the helicoidal-symmetric - Figure 

13 – not expected for an ILSS test. 

 

Figure 11: Flexure behavior for the LS 4 
specimen. 
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Figure 12: Load vs. displacement curve – LS. 

 

Figure 13: Load vs. displacement curve – HL-
S. 

Impact 

The testing machine used was a Factovis 

Plus with a range up to 21800 [N], from 

CEAST. This test method was also 

performed at PIEP. The specimens tested 

with the respective impact energies are 

described in Table 3. The impact 

specimens nominal the dimensions were 

100x150 mm, in accordance with (ASTM 

D7136, 2015). 

Table 3: Specimens applied in impact testing. 

Laminate 13.5 [J] 25 [J] 40 [J] 80 [J] 

LS 1 1 0 0 

HL 1 1 0 2 

HL-S 0 2 2 2 

For each impact energy level, the different 

curves were analyzed: load vs. time; 

displacement vs. time; velocity vs. time and 

energy absorbed vs. time - Figure 14. 

It is suggested from the impact results that 

there is a threshold energy level, around 25 

J, where the helicoidal stacking sequences 

start absorbing more energy than the 

standard stacking sequence. 

Also regarding the impact, it was observed 

that with the introduction of a peel ply, in 

the mould surface during the vacuum 

infusion process of a HL-S stacking 

sequence, resulted in different impact 

responses - when tested for 25 J and 40 J. 

For the 25 J impact test, the specimen with 

peel-ply (HL-S 2) presented an increase of 

1.85% in the peak force that is exerted by 

the impactor on the specimen during the 

impact, but a decrease of the contact 

duration of 9.30% and a decrease of 22.7% 

on the absorbed energy, comparing to the 

specimen without the peel-ply. 

 

Figure 14: Impact curves - 13.5 J. 
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For the 40 J impact, the specimen with 

peel-ply (HL-S 1) had an increase of 

12.25% in the peak load, an increase of 

2.23% in the contact duration and increase 

of 1.39% in the absorbed energy. 

In Table 4 the comparison for the different 

energy levels can be observed.  

In accordance with the literature (González 

et. al., 2011) there is a tendency to the 

increase of the ratio between the energy 

absorbed and the incident energy with the 

increase of velocity. This means the elastic 

energy is decreasing. 

Table 4: Comparison of energies  

 

13.5 [J] 25 [J] 40 [J] 80 [J] 

Specimen LS 2 HL 3 LS 1 HL 2 HL-S 1 HL-S 2 HL-S 1 HL-S 2 HL 1 HL-S 1 HL-S 2 

Einc [J] 13.506 13.506 24.979 24.979 24.979 24.979 40.074 40.074 80.259 80.259 80.259 

Eabs [J] 7.392 6.508 16.016 20.073 16.430 12.696 34.147 33.712 61.765 71.067 74.700 

Eabs/Einc 0.547 0.482 0.641 0.804 0.658 0.508 0.852 0.841 0.770 0.885 0.931 

4. Non-destructive techniques 

Visual Inspection 

All the impacted specimens were visually 

inspected in accordance with the ASTM 

D7136 standard. The specimen in Figure 

15 was impacted with 80 J and, as seen in 

Table 4, absorbed 77.0% of the incident 

energy. 

 

Figure 15: Visual inspection for HL- 1 
specimen impacted with 80 J. 

C-Scan 

C-Scan is a test based on ultrasonic waves, 

generated by piezoelectric transducers, 

which convert an oscillating applied voltage 

into mechanical vibration. The frequency 

induces vibrations that are transmitted into 

the test material by means of a coupling 

medium, such as water. The ultrasonic 

waves are disturbed when differences in 

acoustic impedance occur. Acoustic 

impedance of a material is the product of its 

density times the acoustic velocity across it.  

The reflected waves paint an image of the 

object, and in this manner determine the 

size and shape of the defects. 

In order to perform the damage assessment 

of the impacted specimen, an ultrasonic 

machine - Ultrapac II system associated 

with Ultrawin software – was used. This test 

method is also known as C-Scan. The test 

was performed in IDMEC’s laboratory, in 

Instituto Superior Técnico. In Figure 16 it is 

observed the inspected area applied, and in 

the case of this specimen, impacted with 25 

J, there is a distinct damaged area, 

suggesting delamination. 

 

Figure 16: C-Scan image of HL 2 – 25 J 
specimen. 

The ultrasonic inspection presented some 

challenges, given the signal dispersion and 

large difference of laminates and impact 

energy levels, considering the number of 

samples. Although the challenges referred, 

the damage seems to be observed for the 

impacted specimens, with the note that 

when tuning to parameters for different sets 

of specimens, not every defect was 

detected. 
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Thermography 

Thermography inspection was applied in 

FEUP (University of Porto) with a FLIR 

SC7000 thermal imaging camera. The 

technique applied was the lock-in, also 

known as modulated thermography and 

where the stimulation is modulated in 

several cycles, with the amplitude response 

and phase delay are analysed (Silva, 

2016). This method was only applied to 

specimens before impact and specimens 

with an impact of 13.5 J.  

For one of the specimens impacted with 

13.5 J - Figure 17, it was observed what is 

believed to be matrix cracking associated 

with delamination – the typical shape of an 

oblong peanut, where the major axis follows 

the orientation of the lower ply at the 

interface. The oblong peanut shape results 

from the shear stress distribution around 

the neighbouring area of the impactor with 

low interlaminar shear strength along or 

close to the direction of the fibers and of the 

matrix cracks created by the flexural in-

plane stresses (Davies & Zhang, 1995). 

 

Figure 17: Specimen impacted with 13.5 J 
inspected by thermography. 

 

 

 

 

 

 

5. Conclusions 

It was proven that, despite the challenges 

when producing the laminates – especially 

the ones with bio-inspired stacking 

sequences due to the resistance to resin 

flow promoted by the small angle variation, 

it was possible to achieve the complete 

impregnation. The tensile test results were 

in accordance the expectations. The 

interlaminar shear strength test presented 

some of the challenges referenced in the 

literature (especially for the standard 

stacking sequence), with the bio-inspired 

laminates suggesting more reliable results, 

in accordance with the objective of the test.  

For the impact test, it is suggested 

(although the reduced number of samples) 

that there is an energy transition (around 25 

J) where the bio-inspired laminates start 

absorbing more energy than the standard 

laminate. 

For the non-destructive techniques, the 

visual inspection identified different types of 

visible damage. The ultrasonic inspection 

presented some challenges, given the 

signal dispersion and large difference of 

laminates and impact energy levels, 

considering the number of samples. For the 

thermography analysis, performed only to 

some non-impacted and impacted with 13.5 

J specimens, it was detected what suggests 

to be a delamination, for a specimen 

impacted with 13.5 J, what seems to 

validate its increasing application in high 

performance industries, as it is the case of 

the aeronautical. 
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