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ABSTRACT
The aircrew helmet serves as protective headgear for aircrew members, shielding them from
various threats such as canopy hits, flying debris, and ballistic hazards during incidents like
bird strikes, emergency ejections, hailstorms, and crash landings. The necessity for the aircrew
helmet to be lightweight and provide high-impact protection is paramount for ensuring the
safety of aircrew personnel, particularly during manoeuvres that subject pilots to high G-forces.
This objective is met by striking a balance between the advanced materials and the adoption of
a novel 3D weaving technique, which shows promising results in terms of damage tolerance.
In the aircrew helmet, two primary components play crucial roles in head protection: the shell
and the liner. The shell spreads the impact load across a wider area while the liner absorbs and
dissipates the impact throughout its surface. This thesis explores innovative technigques to

improve the performance of both components, aiming to enhance overall protection.

This research domain has emerged as a focal point for experts in protective textiles. Over the
past fifty years, laminates and 2D reinforcements have been predominant in aircrew helmet
design. However, traditional liner materials have exhibited subpar damage tolerance and
susceptibility to blunt trauma effects. Innovative approaches incorporating 3D woven structural
composites have revolutionised the field, offering superior ballistic protection and lightweight

attributes.

The research employs a multidisciplinary approach to advance the understanding and
application of 3D woven structural composites in aircrew helmet design. Geometric modelling
techniques are utilised to precisely define the intricate structures of both the helmet shell and
liner, ensuring optimal design parameters. Optimisation techniques are then employed to fine-
tune these designs, maximising performance metrics such as impact resistance and energy

absorption.



This study investigates the utilisation of 3D woven structural composites featuring both solid
and hollow structures, each offering distinct advantages in impact resistance and energy
absorption properties. The solid structural composite is employed for the helmet shell, utilising
various configurations to bolster impact resistance. Conversely, the helmet liner incorporates
hollow structural composites, specifically 3D woven honeycomb structures, to optimise energy
absorption and dissipation. By combining these elements, the performance of aircrew helmets
is evaluated, focusing on their synergistic effects. The assessment involves flatwise
compression and dynamic impact analyses to gauge the overall efficacy of the helmet shell and

liner in mitigating impact forces.

Shifting the focus to the helmet liner, a critical determinant of overall performance, this
research explores the vast potential of 3D-woven honeycomb composites. This novel material
offers a wealth of yet-to-be-explored possibilities for optimising energy absorption and,
consequently, mitigating head injuries and improving damage tolerance. To further enhance
this liner's efficacy, the study investigates innovative techniques for strengthening the interface
of the structural composite. It also explores the benefits of intralayer hybridisation, a technique
that combines various fibre types within the 3D woven structure. Additionally, a comparative
analysis with traditional honeycomb materials allows for a clear understanding of the superior

performance offered by 3D woven composites in aircrew helmet liners.

In essence, this thesis presents a comprehensive exploration of 3D woven structural composite
materials for aircrew helmet, aiming to achieve lightweight design with simultaneous
improvement in mechanical properties and impact energy absorption. The research addresses
the critical need for lightweight yet robust helmet capable of effectively absorbing impact

energy to enhance aircrew safety. Ultimately, this research strives to create a new generation
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of lightweight yet high-impact energy absorption-based helmets that effectively protect aircrew

personnel.

The initial focus lies on the development and validation of geometric model to predict the areal
density of 3D woven preforms, crucial for lightweight yet robust helmets. Through
experimental validation, the models demonstrate accurate predictions, providing valuable
insights for informed design decisions and reducing production costs. This research includes
an initial phase focused on preserving consistent areal density in both the aircrew helmet shell
and liner. Initially, the focus is on maintaining the areal density of the preform, followed by
calculating the fibre volume fraction and surface area requirements. By integrating these
considerations into the design process, this research aims to achieve a balanced distribution of
material properties while ensuring optimal weight characteristics and structural integrity in
both the helmet shell and liner. A geometric model was derived to predict the areal density
based on the structural parameters of the preform, including the weave design and geometric
parameters. The predicted areal density, based on varying yarn linear density and the number
of picks in the free and bonded wall, was compared to experimental results, and the results
showed good agreement. The model was validated using experimental data from a variety of
3D woven honeycomb preforms, showing that it accurately predicts the areal density and can
be used as a tool to design 3D woven honeycomb preforms for advanced composites. The
results highlight that this modelling approach efficiently calculates fabric geometry parameters

using minimal manufacturer and weaver data.

In the second part of this research, an attempt was made to investigate the impact of honeycomb
geometry and helmet shell variations on the energy absorption capabilities of aircrew helmets.
Two sections are explored: first, the structural optimisation of 3D woven honeycomb

composite liners using Box Behnken Design, and second, the design engineering of high-
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energy absorbent aircrew helmets utilising 3D woven structural composites in liner and shell.
In the first section, subsequent investigations delve into the optimisation of honeycomb designs
using statistical tools, such as the Box Behnken Design of Experiment, to assess the influence
of geometric parameters on impact energy absorption. The research identifies optimal
configurations, emphasising the importance of cell size, cell height, and cell wall thickness in
maximising cushioning properties while maintaining structural integrity. In the second section,
the focus shifts to the design engineering of aircrew helmets utilising 3D woven structural
composites. This involves thoroughly investigating the effectiveness of 3D woven structural
composites in aircrew helmet components, with a specific focus on optimising performance
through compressive and impact energy analysis. Key findings include the superior energy
absorption and cushioning properties of the L2T2H3 configuration for honeycomb liners,
particularly when paired with the OR8L3M shell configuration. Impact energy analysis reveals
the intricate interplay of factors like weave architecture, impactor geometry, and velocity in
shaping force-displacement behaviour and energy absorption capacity. The combination of
helmet shell and liner demonstrates enhanced energy absorption capabilities, with the liner

exhibiting higher and more sustained absorption.

In the third part of this research, the study investigates the development and performance
evaluation of intralayer hybrid 3D woven honeycomb composite cores for Aircrew Helmet
Liners. Various specimen types, incorporating intralayer hybridisation with materials such as
Kevlar, Glass, Dyneema, Sisal, Hemp, and Jute, were tested to enhance mechanical properties.
Experimental exploration reveals significant improvements in mechanical performance across
diverse honeycomb core configurations, with GK3DHC showing remarkable specific energy
absorption and toughness characteristics. The study emphasises the potential of hybrid
composites for structural materials, highlighting enhanced damage tolerance and dispersed

damage distribution, particularly along the weft direction. Results demonstrate that sisal, hemp,
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and glass show improvement in specific energy absorption, while Dyneema shows excellent
crush force efficiency compared to Kevlar. Given the paramount importance of safety, Kevlar
emerges as the preferable choice for the helmet liner due to its superior results in both specific

energy absorption and crush force efficiency.

Additionally, honeycomb cores with a height of 15 mm exhibit superior specific energy
absorption and crush force efficiency, attributed to intralayer hybridisation's synergistic effects.
Results indicate significant improvements in mechanical performance, particularly with
hybridisation techniques, highlighting the potential of natural alternatives such as sisal and
hemp. Ongoing efforts aim to combine the properties of natural and synthetic fibres to reduce

manufacturing costs while maintaining superior structural performance.

In the fourth part of this research, the augmentation of interfibre interfaces through surface
treatment with ZnO nanorods and matrix modification with graphene nanoplatelets enhances
the mechanical properties of aircrew helmets. The research focused on synergising these
interventions to enhance the mesomechanical and macro mechanical properties, which are
specifically targeted at improving the performance of aircrew helmets. Initially, the influence
of GNP concentration on structural morphology was investigated. Subsequently, compressive,
flexural and impact analyses were conducted to assess the effects of the treated specimens on
the mechanical enhancement. The study demonstrates a synergistic approach, resulting in 29%
increase in impact energy absorption compared to traditional Kevlar composites. Various
analytical techniques, including TGA, Raman spectroscopy, FTIR, DMA, and SEM imaging,
were employed to characterise the composite materials. The findings reveal that incorporating
1% graphene nanofillers during the ZnO treatment process significantly improves mechanical
performance. It was observed that the energy absorption rate increased with the addition of

graphene nanofiller. SEM imaging confirms the presence of ZnO nanorods on fabric substrates



and evaluates morphological damage post-impact. The research contributes to understanding
composite behaviour under impact loads, resulting in notable enhancements in mechanical
performance. The synergistic effects of these interventions demonstrate promising

advancements in aircrew helmet durability and impact resistance.

In the fifth part of this research, the energy dissipation efficiency of an aircrew helmet liner
developed using 3D woven honeycomb structural composites is compared to different
commercially available honeycomb liner materials such as Nomex and Aluminium. In contrast
to liners with discrete density differences, the use of a honeycomb-based liner reduces concerns
about delamination, back face deformation, and fracture propagation. Aluminium shows
localised deformation, and Nomex shows adhesive debonding, which denotes the poor energy
dissipation efficiency of the liner material. The research involves comparing several
parameters related to crashworthiness, such as specific energy absorption (SEA), crush force
efficiency (CFE), and energy dissipation efficiency, which are crucial for head protection and
ensuring helmet injury tolerance. These parameters play a vital role in assessing the ability of
different configurations of the honeycomb liner during impacts. Flatwise compression and
dynamic impact tests were conducted to evaluate the helmet liner's performance while
maintaining consistency in the helmet shell component. The results revealed that the 3D woven
honeycomb liner configuration performs optimally in terms of energy absorption by
demonstrating sufficient and balanced competency across these three critical factors.
Aluminium and Nomex exhibit distinct modes of failure under mechanical stress: localised
deformation for aluminium and adhesive debonding for Nomex. These behaviours signify a
deficiency in energy dissipation efficiency within the liner material. This disparity highlights
the need for materials with enhanced capacity for absorbing and dispersing energy, particularly

in applications. This research offers valuable insights for improving the performance of aircrew



helmet liners, with a particular focus on utilising 3D woven honeycomb liners featuring a 3D

woven solid structure to maintain exceptional structural integrity.

In the last part of this research, Finite element analysis (FEA) and 3D X-ray Tomography
techniques were utilised to analyse the back face deformation (BFD) at high-velocity impact
and the internal damage resulting from impacts on the helmet liners, respectively. Finite
element analysis is employed to evaluate the mechanical performance and failure modes of 3D
woven honeycomb composite-based liners and shells. In FEA, the development of the model
involved leveraging the SolidWorks platform for design, encompassing components such as
the helmet, head dummy, and striker. HyperMesh was utilised to refine meshing, while LS-
DYNA served as the platform for simulating the prototype model. FEA-simulated responses is
conducted, specifically focusing on the bulge zone and dent depth. The results revealed that
the 3D woven honeycomb liner configuration performs optimally in terms of energy absorption
throughout the liner. Also, the simulation result revealed that the 3D woven honeycomb liner
exhibits wave propagation. This phenomenon enhances its energy absorption capacity and
reduces back-face deformation, which is attributed to its crushing behaviour. Numerical
simulations closely align with experimental data, affirming the efficacy of the developed
composite materials in providing robust head protection against various impact scenarios. A
comparative analysis assessed resultant acceleration over time, showing alignment between

numerical simulations and experimental data, enhancing helmet validation.

In summary, this thesis significantly enhances the field of aircrew helmet design, with a
specific emphasis on refining the liner through a thorough examination of structural composite
materials. The results yield invaluable perspectives for crafting high-efficiency helmets,
particularly in aerospace contexts, thus bolstering safety measures and fortifying protection for

aircrew members.
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