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This study is specifically concerned with the application of auxetic cell structures as an
impact absorbing material. Despite the need of high energy absorption materials in
safety application, limited research has been devoted to identify the potential of auxetic
cell structures as an impact absorbing materials. An extensive literature review
highlighted past research on auxetic cell structure and its limitation, especially as
related to energy absorbed, fabrication process and application. The information gaps
identified in the review became the basis of this study in creating an impact absorbing
materials for bio-composite aero helmet interior. The main objective of this research is
to design a new interior for bio-composite aero helmet comply to standards set by The
Consumer Product Safety Commission of bike helmet standard. Experiments were
conducted namely drop weight impact test and oblique impact test. The study follows
ASTM D7136 / D7136M — 15 standards and European Standard; EN 1078.
Comparison has been made between the Expanded Polystyrene (EPS), Polyurethane
Foam, Auxetic Design 1 and Auxetic Design 2 to evaluate the energy absorbed in drop
weight impact test. Experimental results showed that Auxetic Design 2 and
Polyurethane Foam has shown a high absorbed energy thus been used as material for
helmet interior. For oblique impact test, four sport cycling helmets being tested;
Kabuto Helmet, Kenaf Helmet, Flax Helmet and Flax Helmet with Auxetic Interior.
The study proved that flax helmet with auxetic interior has the lowest linear
acceleration compared to other helmets tested. When used as interior materials, auxetic
cell structure can potentially improve the safety factor in bio-composite aero helmet.
Main findings revealed that auxetic cell structure proved to be the best alternative
impact absorbing material compared to crushable foam, as helmet interior.
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Kajian ini adalah khusus berkenaan dengan penggunaan struktur sel auxetik sebagai
bahan menyerap hentakan. Walaupun keperluan bahan-bahan penyerap tenaga yang
tinggi dalam penggunaan keselamatan, penyelidikan terhad telah dikhaskan untuk
mengenal pasti potensi struktur sel auxetic sebagai bahan menyerap hentakan. Satu
kajian yang banyak menekankan penyelidikan masa lalu pada struktur sel auxetic dan
batasan, khasnya apabila berkaitan dengan tenaga diserap, proses fabrikasi dan aplikasi.
Jurang maklumat yang dikenal pasti dalam kajian semula itu menjadi asas kepada
kajian ini dalam mewujudkan kesan menyerap bahan-bahan untuk dalaman topi keledar
aero bio-komposit. Objektif utama kajian ini adalah untuk mereka bentuk dalaman
yang baru untuk topi keledar aero bio-komposit bagi mematuhi piawaian yang
ditetapkan oleh Suruhanjaya Keselamatan Produk Pengguna bagi standard topi keledar
basikal. Eksperimen telah dijalankan iaitu ujian penurunan berat badan dan kesan ujian
kesan serong. Kajian berikut ASTM D7136 / D7136M - 15 standard dan Standard
Eropah; EN 1078. Perbandingan telah dibuat antara ‘Expanded Polystyrene’ (EPS),
‘Polyurethane Foam’, ‘Auxetic Design 1’ dan ‘Auxetic Design 2’ untuk menilai tenaga
yang diserap dalam ujian hentakan. Keputusan eksperimen menunjukkan bahawa
‘Auxetic Design 2’ dan ‘Polyurethane Foam’ telah menunjukkan tenaga yang diserap
tinggi dan telah digunakan sebagai bahan untuk dalaman topi keledar. Untuk ujian
hentakan serong, empat topi keledar berbasikal diuji; Topi Keledar Kabuto, Topi
Keledar Kenaf, Topi Keledar Flax dan Topi Keledar Flax Dengan Dalaman Auxetik.
Kajian ini membuktikan bahawa flaks topi keledar dengan dalaman auxetic mempunyai
pecutan linear yang paling rendah berbanding topi keledar yang lain diuji. Apabila
digunakan sebagai bahan-bahan dalaman, struktur sel auxetic berpotensi boleh
meningkatkan faktor keselamatan dalam bio-komposit aero topi keledar. Penemuan
utama mendedahkan bahawa struktur sel auxetik terbukti untuk menjadi alternatif yang
terbaik kepada bahan menyerap hentakan berbanding ‘Crushable Foam’, secbagai
dalaman topi keledar.



ACKNOWLEDGEMENTS

Praise to Allah S.W.T. for giving me the wisdom, strength, patience and courage, and
because of His blessing and mercy, | managed to successfully completed this Master
research project. First of all, I would like to express my deepest sense of gratitude to
my main supervisor, Assoc. Prof. Ir. Dr. Faizal Mustapha for his affectionate guidance,
constant encouragement, motivations, advice and support throughout this study. I also
would like to thank my co-supervisor Dr. Mohamad Ridzwan Ishak for his sustained
interest, assistance, encouragement, understanding, invaluable help, inspiration and
advice in my research.

The invaluable facilities, the assistance and cooperation which I enjoyed during my
research project provided by staff Department of Aerospace, especially Mr Ahmad
Saifol Abu Samah and all those who have helped me directly or indirectly during the
research was really appreciated. My extended gratitude goes to all my friends whose
names are too numerous to mention who were always there to ease stress, for being
very kind and supportive. My appreciation also goes to my research group members for
many enlightening discussions and criticisms.

I am highly indebted to my parents whose blessing me. I believe they have taking me
this far in my academic life. Special thanks to my supportive father, Yaakob Bin Mat
Resat; my beloved mother, Marziyah Binti Mohd Ali Piah; my loving wife, Hezza
Mazweena Binti Halizan; my family and friends for their prayers, endless love, moral
and financial support, encouragement, and patience throughout this research project.
Your assistance and concerns were my driving force. I wish to thank everyone who had
contributed directly or indirectly by providing their ideas, guidance and support
throughout this study.

Last but not least, I wish to acknowledge the support of Ministry of Education
Malaysia for granting me MyMaster Scholarship under MyBrainl5 Program and
Universiti Putra Malaysia for the Putra grant throughout my Master study.

THANK YOU.

ii



[ certify that a Thesis Examination Committee has met on 30 November 2016 to
conduct the final examination of Mohd Saffuan bin Yaakob on his thesis entitled
"Auxetic Cell Structure as an Impact Absorbing Material in Bio-Composite Aero
Helmet" in accordance with the Universities and University Colleges Act 1971 and
the Constitution of the Universiti Putra Malaysia [P.U.(A) 106] 15 March 1998. The
Committee recommends that the student be awarded the Master of Science.

Members of the Thesis Examination Committee were as follows:

Mohamed Tharig bin Hameed Sultan, PhD
Associate Professor Ir.

Faculty of Engineering

Universiti Putra Malaysia

(Chairman)

Dayang Laila binti Abang Haji Abdul Majid, PhD
Senior Lecturer

Faculty of Engineering

Universiti Putra Malaysia

(Internal Examiner)

Shahruddin Mahzan @ Mohd Zin, PhD
Associate Professor

Universiti Tun Hussein Onn

Malaysia

(External Examiner)

NORAINI AB. SHUKOR, PhD
Professor and Deputy Dean
School of Graduate Studies
Universiti Putra Malaysia

Date: 22 March 2017

v



This thesis was submitted to the Senate of Universiti Putra Malaysia and has been
accepted as fulfilment of the requirement for the degree of Master of Science. The
members of the Supervisory Committee were as follows:

Faizal Mustapha, PhD
Associate Professor, Ir
Faculty of Engineering
Universiti Putra Malaysia
(Chairman)

Mohamad Ridzwan Ishak, PhD
Senior Lecturer

Faculty of Engineering
Universiti Putra Malaysia
(Member)

ROBIAH BINTI YUNUS, PhD
Professor and Dean

School of Graduate Studies
Universiti Putra Malaysia

Date:



Declaration by graduate student

I hereby confirm that:

Signature : Date :

this thesis is my original work;

quotations, illustrations and citations have been duly referenced;

this thesis has not been submitted previously or concurrently for any other degree at
any other institutions;

intellectual property from the thesis and copyright of thesis are fully-owned by
Universiti Putra Malaysia, as according to the Universiti Putra Malaysia (Research)
Rules 2012;

written permission must be obtained from supervisor and the office of Deputy Vice-
Chancellor (Research and Innovation) before thesis is published (in the form of
written, printed or in electronic form) including books, journals, modules,
proceedings, popular writings, seminar papers, manuscripts, posters, reports, lecture
notes, learning modules or any other materials as stated in the Universiti Putra
Malaysia (Research) Rules 2012;

there is no plagiarism or data falsification/fabrication in the thesis, and scholarly
integrity is upheld as according to the Universiti Putra Malaysia (Graduate Studies)
Rules 2003 (Revision 2012-2013) and the Universiti Putra Malaysia (Research)
Rules 2012. The thesis has undergone plagiarism detection software.

Name and Matric No.: Mohd Saffuan Bin Yaakob, GS41106

vi



Declaration by Members of Supervisory Committee

This is to confirm that:
e the research conducted and the writing of this thesis was under our supervision;
e supervision responsibilities as stated in the Universiti Putra Malaysia (Graduate
Studies) Rules 2003 (Revision 2012-2013) are adhered to.

Signature :
Name of Chairman of
Supervisory Committee : Faizal Bin Mustapha

Signature :
Name Of Member Of
Supervisory Committee : Mohd Ridzwan Bin Ishak

vii



TABLE OF CONTENTS

ABSTRACT
ABSTRAK
ACKNOWLEDGEMENTS
APPROVAL
LIST OF FIGURES
LIST OF TABLES
LIST OF ABBRIVIATIONS
CHAPTER
1 INTRODUCTION
1.1 Research Background
1.2 Problem Statements
1.3 Research Objectives
1.4 Significance Of The Study
1.5  Scope Of Works
1.6  Thesis Organization
2 LITERATURE REVIEW
2.1  Overview
2.2 Auxetic Structure
2.2.1  Advantages of Auxetic Structure
2.3 Cycling Helmet Design
2.3.1 Interior Helmet Design
2.4  Natural Fiber Materials
2.4.1  Flax fiber
2.4.2  Advantages of Using Natural Fibers
2.5  Drop Weight Impact Test
2.5.1  Plate Impact Theory
2.6 Oblique Impact Test
2.6.1  Helmet Standard for Cycling
2.6.2  Energy and Impact Force
2.7 Summary
3 METHODOLOGY
3.1  Conceptual Design
3.1.1  Auxetic Design for specimen
3.1.2  Improved auxetic design for interior
3.1.3  Interior layer design for helmet
3.1.4  Interior design for helmet
3.2 3D Printing Process
3.2.1  Auxetic Design Modelling
3.3 Specimen Preparation
3.4  Mold Fabrication Process

3.4.1  Helmet Shell Mold Fabrication
3.4.2  Helmet Interior Layer Mold Fabrication

viil

Page

1i
iii
v

Xii
xiil

O R I

(o) e Ne)N

11
12
13
14
14
16
17
17
19
20

21
23
23
24
25
26
27
28
29
33
33
41



3.5

Helmet Fabrication

3.5.1  Shell Fabrication
3.5.2  Interior Layer Fabrication
3.6 Drop Weight Impact Test
3.6.1 Drop Weight Impact Test Rig
3.7  Oblique Impact Test
3.7.1  Oblique Impact Test Rig
3.8  Summary
4 RESULTS AND DISCUSSION
4.1  Drop Weight Impact Test Data
4.1.1  Expanded Polystyrene Foam Specimen Data
4.1.2  Polyurethane Foam Specimen Data
4.1.3  Auxetic Design One Specimen Data
4.1.4  Auxetic Design Two Specimen Data
4.1.5  Drop Weight Impact Test Analysis
4.2 Oblique Impact Test Data
4.2.1  Oblique Impact Test Analysis
4.3  Summary
5 CONCLUSION AND RECOMMENDATION
5.1  Conclusion
5.2 Contributions of the research work
5.3  Recommendation
REFERENCES
APPENDICES
BIODATA OF STUDENT
LIST OF PUBLICATIONS

46
46
50
52
56
57
58
60

61
61
61
63
65
67
69
71
75
78

79
79
80
80

82
87
92
93



LIST OF FIGURES

Figure

2.1
2.2

23

2.4
2.5

2.6
3.1
3.2
3.3
34
3.5

3.6

3.7

3.8

3.9

3.10
3.11
3.12
3.13
3.14
3.15
3.16
3.17
3.18
3.19
3.20
3.21
3.22
3.23
3.24
3.25
3.26
3.27
3.28

Mechanism Of Man-Made Auxetic Materials (Yunan Prawoto, 2012)
Re-entrant geometry described using the basic hexagonal unit cell
(Mozafar, 2014).

Deformation behaviour of materials. (a) Conventional (b) Auxetic
(Evans and Alderson, 2000).

Natural fibers classification (Williams et al., 2000).

Example of drop weight impact test machine operation (Joshua,
2004).

Drop weight test device (Joshua, 2004).

Research Flow Chart

Examples of several auxetic structures (Yunan Prawoto, 2012).
Auxetic Design One

Auxetic Design Two

Improved Auxetic Design (a)Front View (b) Side View (c) Top View
(d) Isometric View

Interior Layer Design (a) Isometric view (b) Side View (c) Front
View

Example of interior placement (Nicholas, 2011)

Interior Design (a) Isometric view (b) Top View (c) Front View
CURA software interface

3D printing process

Sample of auxetic structure.

Sample of auxetic structure.

Flax fabric.

Resin pour and spread fully through the flax.

Flax with resin specimen.

Flax layers to be combine with the absorbing materials.

Polyurethane Foam combined with flax layer.

Mold Fabrication Process Flow

Master mold inner surface fills

Master mold after being sprayed

Base for fabrication process

Helmet divided onto 2 parts

Gel coat process

Chop Strand Fiber Glass Rolled on a surface plate.

Chop strand fiber glass rolled on master mold surface.

Mold after being trimmed

Mold after being cleaned with fine grade sand papers

Gel coat layer on final surface

Page

13

15
16
22
23
24
24

25

25
26
27
28
28
29
29
30
31
31
32
32
33
34
34
35
36
37
38
38
39
40
40



3.29
3.30
3.31
3.32
3.33
3.34
3.35
3.36
3.37
3.38
3.39
3.40
341
3.42
343
3.44
3.45
3.46
3.47
3.48
4.1

4.2
43
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
4.15
4.16
4.17
4.18
4.19
4.20
4.21
4.22
4.23

Master mold for interior layer mold

Master mold divided into 2 parts

Gel coat application

Chop strand fiber roll with resin

Mold for interior layer

Mold after being cleaned

Gel coat spraying process

Thin layer of gel coat applied

Lay-up process for flax

Support structure for flax

Helmet shell end product

Interior layer mold

Interior layer cure in the mold

Interior layer end product

System overview, front and side views (IMATEK, 2013).
Test rig for impact test.

Impact Test equipment

Oblique Impact Free Fall Test Rig.

Triaxial Linear Accelerometer placement inside the helmet.
Oblique Test Helmet position.

Expanded Polystyrene Foam With Flax Fiber Layer Specimen After
Impact

Expanded Polystyrene Foam Specimen After Impact
Energy vs Time Graph for Expanded Polystyrene Foam
Polyurethane Foam With Flax Fiber Layer Specimen After Impact
Polyurethane Foam Specimen After Impact

Energy vs Time Graph for Polyurethane Foam

Auxetic Design One With Flax Fiber Layer Specimen After Impact
Auxetic Design One Specimen After Impact

Energy vs Time Graph for Auxetic Design One

Auxetic Design Two With Flax Fiber Layer Specimen After Impact
Auxetic Design Two Specimen After Impact 85

Energy vs Time Graph for Auxetic Design Two

Absorbed Energy Comparison Graph.

Peak Deformation Comparison Graph.

Accelerometer data for Kabuto Helmet

Accelerometer data for Flax Helmet

Accelerometer data for Kenaf Helmet

Accelerometer data for Flax Helmet with auxetic interior
Accelerometer data comparison

Images of oblique impact with sequence for the helmet.
Drop test signature

Gravitational Acceleration Graph

Impact force chart

X1

41
42
43
44
45
45
47
47
48
49
49
50
51
51
54
56
57
59
59
60

61
62
62
63
64
64
65
66
66
67
68
68
69
70
71
72
72
73
73
74
75
76
77



Table
1.1 Natural fiber and synthetic fiber comparison (Idicula, 2006).
2.1  Comparison of different types of cycling helmet
2.2 Glass and flax fibers tensile properties (Bos, 2004).
2.3 Helmet test criteria
3.1 IMATEK Specifications
3.2 System Overview
3.3 Specifications of the three helmets tested as baseline
4.1  Result for Expanded Polystyrene foam
4.2 Result for Polyurethane foam
4.3 Result for Auxetic Design One
4.4  Result for Auxetic Design Two
4.5  Helmet data from triaxial linear accelerometer
4.6  Impact test summary for all four helmets in head foam
A.1  Drop-weight Impact Test Data Comparison.
A.2  Oblique Impact Test Data Comparison

LIST OF TABLES

Xii

Page

10
13
17
51
53
56
61
63
65
67
72
75
89
90



ANSI
ASTM
CAD
CATIA
CPSC
DARS
EN
EPDM
FEA
KE

MAPP
MSN
PE
PIV
PLA
RTM
STL
UPM
TPNR
TT
EPS
PU

LIST OF ABBRIVIATIONS

American National Standards Institute
American Society of Testing Material
Computer Aided Design

Computer Aided Three-dimensional Interactive Application
Consumer Product Safety Commission's standard
Data Acquisition & Reduction System
European Standard
Ethylene-Propylene-Diene-Monomer
Finite Element Analysis

Kinetic Energy

Kenaf Fiber

Maleic Anhydride Polypropylene
Majlis Sukan Negara

Potential Energy

Particle Image Velocimetry
Polylactide

Resin Transfer Molding
STereoLithography

Universiti Putra Malaysia
Thermoplastic Natural Rubber

Time Trial

Expanded Polystyrene

Polyurethane

xiii



CHAPTER 1

INTRODUCTION

This first chapter of thesis described the research background for the study, problem
statement related to the research, objectives of the research, significant of the study and
scope of the research work.

1.1 Research Background

One of the most important equipment must be used in the cycling industry is sport
cycling helmet. Sport cycling helmets functions to protect the rider from the
accelerated or decelerated by any impact. The helmet protects the head for the rider by
reducing the impact especially on the brain. When the compression occurs for
polystyrene liner, the helmet will reduce the force of an impact but no more protection
and absorption direct to the skull and brain once the liner of the helmets is fully
compacted. There is no answer to suggest that the helmets continue to decrease the
energy absorption to protect the brain beyond their design limits. The cycling helmets
those were manufactured and certified followed the safety standards.

One or more of the international standards will be the reference for the manufacturers
of the sport cycling helmet. One with no body attaching known as standard test for
helmet that only using a head form and tested in low speed impact testing. When the
breaking process happens for the helmets, they surely do so ruinously. It’s common for
the helmets itself to fail early, before the polystyrene liner has been fully crushed.
When some impact occurs to the helmets without the liner compressing, it is same as
that no protection for user.

The material that currently used for the helmet interior may be made of crushable foam
such as Expanded Polystyrene, Expanded Polypropylene, and Expanded Polyurethane.
Nowadays crushable foam is the material that was regularly used because they are easy
to mold and shape with heat and less cost to manufacture. But it does not absorb too
much energy while having an impact. It has low toughness and strength towards the
helmet.

A helmet protects against impact from overhead by absorbing energy through:
(a) Partial destruction or damage of interior and outer of the shell.
(b) Crushing of the protective padding if any.

Therefore, a new impact absorbing materials were desirable to be used for the helmet
interior. Auxetic structure design is the best alternative which possesses excellent
mechanical properties including energy absorbing and elastic. There were research
focused on molecular auxetics, paying attention more to molecular designs with a view



towards nanotechnology (Yang, 2004). Since the cost in producing an impact absorbing
material come from materials and production, the need for lower-cost and efficient
technology becomes urgent.

In his publication in 1999, Alderson claimed to have introduced the novel elastic
property with a negative Poisson’s ratio that characterizes an auxetic material. Such a
material becomes thicker width wise when stretched lengthwise, and thinner when
compressed (Yunan Prawoto, 2012). This is apparently contradictory to the response of
many common materials, which become thinner when stretched. When a load is
applied to the structure in one direction (e.g., vertically), the structure expands in the
perpendicular direction. Therefore, the structure gets fatter, resulting in a negative
Poisson’s ratio.

Various auxetic materials have been discovered and fabricated over the past decades,
ranging from the macroscopic to microscopic and to the molecular levels. The
following classification is mainly a classification via mechanical considerations.

Moreover, it is more appropriate to speak about auxetic behaviour in certain directions,
since this effect also arises in given directions for composite materials and structures.
Although a negative Poisson’s ratio is allowed even in the case of the classical linear
and isotropic elasticity, most researchers seem to forget this evidence and restrict their
investigations to the range of positive Poisson’s ratios. This lack of scientific
information about the restricted number of applications makes the further development
in this field difficult, although many of patents issued in the name of known companies
certainly demonstrate the potential of having innovative applications and engineering
products based on the auxetic behaviour effect.

Other than auxetic structure, natural fibers, which customarily were utilized, as fillers
for thermosets, are presently turning into one of the quickest developing execution
added substances for thermoplastics. These days’ natural fiber reinforced polymers
have turn out to be more predominant and utilized as a part of the automotive industry
and construction industry since natural fibers display numerous favourable properties.
These characteristics strands are recognized as minimal effort substantial, trivial and it
is appropriate as natural distinct option for manufactured fiber (Basu, 2011).

Incorporating natural fibers material in cycling helmets may prompt a change in cyclist
protective helmet industry. It is due to environmental issues concern by industry and
because of the uncontrolled industrial development that could causes pollution to the
environment. With concern from Malaysia government, the initiative to protect the
environment from hazardous and negative effect were welcomed by the industries and
researchers. Table 1.1 show comparison between natural fiber and synthetic fiber.



Table 1.1: Natural fiber and synthetic fiber comparison (Idicula, 2006).

Fiber Advantages Disadvantages

Biodegradable Inhomogeneous quality

Natural fib . . . ) . o
aturat Hber Low density/price Dimensional instability

Moisture resistance
Synthetic fiber Good mechanical
properties

Difficult in recycle
Relative high price

Despite the growing popularity of auxetic structure and natural fibers, limited research
has been devoted to identify the applications for both materials. In this study, a new
type of impact absorbed material was developed for helmet interior applications,
particularly as interior of bio-composite aero helmet from previous research. Using
experimental approach, this impact absorbed material was design base on auxetic
design consideration and will need to possess drop weight impact test and oblique
impact test. The new interior for bio-composite aero helmet should have efficient and
cost-effective properties.

1.2 Problem Statements

The most important part in cycling is safety of the rider. Hayes state that a crash
without helmet has 9.5 times more exposed the head to acceleration and force compare
to a crash with helmet protection (Hayes, 1994). Without using a helmet, it may
increase the potential of harm to head, skull and cerebrum part of brain.

The main mechanical properties that should be highlighted in sport cycling helmet
interior materials are the energy absorption and impact resistance. It is also a main
concern in other relevant industries such as aerospace, automotive and safety
protection. Moreover, high energy absorption materials are desirable in designing the
helmet interior. A new class of material such as auxetic structure cell has more
potential to absorb energy if compare to existing material in helmet interior. It is
important to include such material as a main mechanism which could absorb impact
under limited crush event. In other point of view, the existing designs are limited to
sustain under the impact loading on the helmet itself.

As the industry tried to decrease the reliance on petroleum-based powers and items,
there is an expanding need to explore even more naturally inviting, reasonable
materials to replace the current glass fiber and carbon fiber strengthened materials.
Subsequently, consideration recently shifted to manufacture and properties of regular
fiber fortified materials (Mohanty et al., 2002). Since research on flax composites are
not widely undertaken in Malaysia, this study is aim at utilizing flax as a bio based



reinforcement for sport cycling helmet which could assist optimum performance of a
cyclist.

1.3 Research Objectives

The main objective of this research is to design a new interior for bio-composite aero
helmet comply to standards set by The Consumer Product Safety Commission of bike
helmet standard.

Along with the main objective, there are several specific objectives including:

1. To design an impact absorbing material from auxetic cell structure design
consideration.

2. To investigate the impact behaviour and the reliability of the design to absorb
impact energy.

3. To incorporate the impact absorbing material design as the core material for
the interior of the sport cycling helmet.

4. To evaluate the performance of helmet with the new interior design in oblique
impact test and compared the linear acceleration to other established helmets.

1.4 Significance Of The Study

Previous study of sport cycling helmets has explored any possibilities to increase the
speed and proficiency of the helmet by using the innovative knowledge and using any
feasible technique in their research. In this present study, the studies are focusing on
finding alternate method to improve the energy absorption efficiency of the sport
cycling helmets. Now, the application of manufacturing product involves material that
only could be manufactured easily but still effect the cyclist due to impact. By
incorporate the auxetic structure cell, the helmet could improve the energy absorption
efficiency.

Besides, the other studies were conducted shows that auxetic structure is still limited,
thus it need to be developed further (Zi-Xing Lu et al, 2011). In this study, the design
of new impact absorbing material was proposed as the interior for sport cycling
helmets. The analytical result from previous researches were used as a baseline to
produce mechanical properties needed in the impact absorbing material. New method
to fabricate the auxetic structure was establish in this research. The method could
provide an alternative fabrication technique to fabricate auxetic structure. To compare
with the previous published methods, this method could produce auxetic structure with
uniform size and shape. This method could be a significant outcome for this research
because it reduces the production cost and considered as economical way to produces
auxetic structure.



1.5 Scope Of Works

In achieving the objectives of this study, experimental works consist of drop weight
impact test following Standard Test Method for ASTM D7136 / D7136M — 15 and
oblique impact test to comply with EN 1078 specifies requirements and test methods
for bicycle helmets, skateboard and roller skate helmets were conducted. For drop
weight impact test, the specimens were fabricated using flax fiber and resin as the shell.
Meanwhile, the impact absorbing material printed using 3D printer. The impact
absorbing material, Auxetic Design 1 and Auxetic Design 2 were compared with
Polyurethane Foam and Expanded Polystyrene Foam. The data from the tests were
analysed and evaluated. Specimen that absorb the highest impact energy will be the
core material for the helmet interior. Helmet fabricated using moulding technique and
hand lay-up process. The new absorbing materials installed as interior of the helmet
and undergoes oblique impact test. Four type of helmet been compared, Kabuto
Helmet, Flax Helmet, Kenaf Helmet and Flax with Auxetic Interior Helmet. Data been
analyse and compared with requirements stated.

1.6 Thesis Organization

The overall thesis covers the development of the auxetic design structure for interior of
sport cycling helmets. This is due to the energy absorbed during the impact event. The
thesis is organized in the following way.

Chapter 2: Literature Review

This chapter discuss the literature review on related published papers regarding to sport
cycling helmets, bio-composite materials, interior helmet design, drop weight impact
test and oblique impact test

Chapter 3: Methodology

Chapter 3 will highlight the methodology implementing in the research such as design
of the auxetic structure, fabrication of helmet shell and interior, drop weight impact test
and oblique impact test are being discussed. More detailed information on the materials
used, the apparatus and the technique is given in this section.

Chapter 4: Results and Discussion

This chapter provides the results for mechanical testing of drop weight impact test and
oblique impact test subjected to the lab scale specimens. A comparison between results
is also depicted in this chapter to ensure consistency and good result repeatability. This
chapter also discuss the comparison of each test.

Chapter 5: Conclusions and Recommendations

The final overview of the thesis findings provides a comprehensive conclusion in
which all the steps taken in preparing this thesis are aligned with the problem statement
and objectives.
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