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ABSTRACT

This study investigates the influence of factors such as peak linear acceleration and peak
rotational acceleration which affect the head kinematics, during different kinds of impacts
involving motorcycle helmets. Traditional helmets, which predominantly mitigate translational
motion, and have limited efficacy in countering rotational forces that contribute significantly to
head injuries. The thesis examines the role of variations in the coefficient of friction at the anvil-
helmet shell and the headform-foam interfaces on the linear and rotational accelerations. The
implications of helmet and headform mismatches due to improper helmet fit, the role of helmet
shell thickness and coatings on helmet shell made form ABS plastic, in influencing head
kinematics are studied. The potential benefits of impact-resistant coatings applied to helmet
shells, fabricated through thermo-vacuum forming of ABS plastic sheets, are demonstrated. The
results provide insights into the extent to which such coatings mitigate linear acceleration during
impacts, emphasizing their potential to enhance rider safety. The research work also discusses

the effect of presence of strap and multiple on head kinematic parameters.

Oblique impacts during motorcycle accidents lead to high angular acceleration of the head
resulting in severe injury to the brain. For bicycles, advanced helmets such as MIPS helmet and
WaveCel helmet are commercially available which claim to attenuate the effects of rotational
motion of the head during helmet impact. The effectiveness of these helmets in dissipating the
rotational and linear acceleration of the head is analyzed computationally for different impacts.
The role of the coefficient of friction between the foam and MIPS liner in MIPS helmet and energy
absorbed due to crushing and sliding in WaveCel helmets is analyzed. The MIPS helmet, while

effective in front and rear oblique impacts, does not perform in side impacts. For the liner used
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in WaveCel helmet the crumple and glide mechanism attributed to its performance was not
evident in numerical simulations. A new design using low density EPS and high-density foams is

shown to significantly attenuate the rotational and linear acceleration of the head.



AR

Ig e HeRusfhd gaie § Tafid fafirs ueR & yural & gRE RR &t 1f-fasme &
JUIAd FRA AT BRI, o YA RGP @RUT TUT IHaH goid @R, & YU B
FARRIYOT PRl § | TRURS gave GBId: YR Tl Bl HH P & [T ST A &, TR d goifa
il BT gHTE Y 8 iRl 3 H e g ¢, Safeh ugl aet Rk o1 R =et & wgeayul
Yf¥yet FAHTa B

=9 XY A FEE-3ahe ST TR0 auT HEH RR-B WU Ydg! uR gy 7urie & ufad-
& R Td Uit RO IR YHTG BT 31eq9 foam a1 g | 3rfad fOhfe & sRur gade ik
FHHA AR & g SR, 80T & a1 SHTRUT &I HieTs duT Teiey Wied 4 fAfHd o
3{TARUT TR T 7Y TRl 1 HfErent 1 t faweiw foran man &, aifes g awen o 9% & 3
PRSP RR BT AT 1 {58 THR yuifad Fra &

a-frafa ears ufbar gr1 Afd Tty wifes 2ic @ s1 gadc STl SR W YHG-
feRieht tRal & Sifad @l &1 ot wefid fovar mar g1 uRomdt & a8 Wy g § o T wRd
THTG & SR YIS @RUI B HH B § g Jd1 I Terds 81 T ¢, o ardd ot
JReM 7 gfg Yua g1 My o ¥ UgT o JURUTY qUT 9g-%-1g Ta-1 & RR o) Tia-waed
AIUES! TR UHTE &t 4t = 1 5 & |

Mexarsferd gdermell & R fads uve RR & 3= Sioig &@Rur 309 &4 §, o
IR AfTss @ 71U die @ gt 8 | Tigfdal & oY 39d sade, oY §g-fexnes

THT TREFUT JUTTet gad R YT dR1-STe TR a1l e, IT9IR H IUas €, Sff UHTd &

vi



SR RR &1 gOifa T &1 S8 B &1 ardl a3 & | 59 Ay H [ IR & gumal & o 34
BAHC! 1 AR qUT YOI @RI P HH B B! & BT WHUHTHSD [A=eTo0T {1 T 8 | 98-
RIS THTT TREUT UTTeht H BIF SR fidRke TRd & s gu0] [uTids B YfHehT auT ail-
ST TREHT AT 8HC B Haa SR TR o T 4 Sa=niyd Sorl o1 off siegee far man
&l

3T 9 Tg U T o - fa=ieTes Ut TRef0T YUl gad gade ST SR U 9 g aral
forfes el & guTd 8, TR e el & SHdT HeRi It el 8 |

vii



TABLE OF CONTENTS

Certificate
Acknowledgements

Abstract

R

Table of contents
List of figures

List of tables

List of symbols

List of abbreviations

CHAPTER 1

CHAPTER 2

2.1 Normal Impact and Linear Acceleration

2.2 Helmet Standards and Comparison

2.3 Oblique Impact and Rotational Forces

2.4 New Helmets and Testing

2.5 Finite element modelling of helmet impacts
2.6 Studies on Helmet Shell

2.7 Head Kinematic Metrics

2.8 Research Gaps and Objectives

CHAPTER 3

3.1 Governing Equations and Contact Formulations
3.2 CAD geometry preparation and FE mesh

3.3 Material Modelling

3.4 Contact and Boundary Conditions

3.5 Results

Factor 1: Effect of anvil inclination angle on head kinematics during oblique impact
Factor 2: Impact of friction between helmet shell and anvil on head'’s kinematic parameters
Factor 3: Optimization of foam-head friction for enhanced helmet safety and design

viii

Vi

viii

Xiii

Xiv

XV

11
14
16
18
19
25

28

28
31
34
36
37

38
43
45



Factor 4: Investigating helmet headform size-matching in different impacts scenarios
Factor 5: Effect of helmet shell thickness on head kinematic parameters during impact
Factor 6: Effect of chin strap on attenuating rotational acceleration of the head

CHAPTER 4

4.1 Introduction

4.2 CAD Geometry & FE mesh

4.3 Methodology

4.4 Validation Studies

4.5 MIPS Helmet

4.6 WaveCel Helmet

4.7 Dual density foam helmet (DDF helmet)
4.8 Summary

CHAPTER 5

5.1 Introduction

5.2 Thermoforming of shell and coating of shell
5.3 Characterization of the shell material

5.4 Simulations of impact test

5.5 Summary

CHAPTER 6

References
APPENDIX
Brief Bio Data of Author

47
52
53

57

57
59
62
66
68
77
84
88

91

91
91
97
101
104

105

108

118

121



LIST OF FIGURES

Figure 1.1 Various parts and components of helmet.

Figure 2.1a | Stress-strain curves of three specimens of density 48 Kg/m3. Sikri, S.

Figure 2.1b | Stress strain plots of EPS foams of different densities. (Viot, 2007).

Figure 2.2 Identification of points of impact.
Figure 3.1 Preparations of digital models for helmet FE analysis.
. Oblique impact of helmet at different angles of inclinations of the anvil. (Anvil
Figure 3.2 - .
inclined about x -axis.)
Figure 3.3 Stress/strain relationship for 44 kg/m3 and 10 kg/m? density of expanded

polystyrene under quasi-static loading.

Figure 3.4 Yield surface in a crushable foam model.

Linear acceleration of head (calculated at CoG of head) in Y direction at
different angles of inclinations of the anvil at impact velocity of 7.5 m/s.
Rotational acceleration of head (calculated at CoG of head) about X axis at
different angles of inclinations of the anvil at impact velocity of 7.5 m/s.
Rotational velocity and rotational displacement of head (calculated at CoG of
Figure 3.7 head) about X axis at different angles of inclinations of the anvil at impact
velocity of 7.5 m/s.

Variation of Peak Linear Accelerations of head (calculated at CoG of head) in

Figure 3.5

Figure 3.6

Figure 3.8 Y direction at different angles of inclinations of the anvil.
Figure 3.9 Variation of Peak Rotational Accelerations of head (calculated at CoG of
head) about X axis at different angles of inclinations of the anvil.
. Variation of Rotational Injury Criteria at different angles of inclinations of the
Figure 3.10

anvil at 7.5 m/s impact velocity.

Variation of Peak Linear Accelerations of head (calculated at CoG of head) in
Figure 3.11 Y direction for various coefficients of friction between anvil and shell at 30°
inclined impact and at impact velocity of 7.5 m/s.




Variation of Peak Rotational Accelerations of head (calculated at CoG of
Figure 3.12 head) along X axis for various coefficient of friction between anvil and shell
at 30° inclined impact and at impact velocity of 7.5 m/s.

Variation of Peak Rotational Accelerations of head about X axis for various
Figure 3.13 coefficients of friction between head and foam at 30° inclined impact and at
impact velocity of 7.5 m/s.

Four different helmet sizes developed on the same headform, showing the
Figure 3.14 applied scaling factors and the corresponding gap dimensions between the
headform and the inner surface of the helmet.

Impact of motorcycle helmet with chin strap on a 30° inclined anvil and tested
at crown impact site at a test velocity of 7.5 m/s.

MIPS Helmet.
Figure 4.1 (Reference: https://road.cc/content/feature/all-you-need-know-about-
mips-252931)

Figure 3.15

Figure 4.2 WaveCel helmet and its working mechanism.

CAD models of the helmet prepared from blue-light scanning (with

Fi 4.
lgure 4.3 approximate dimensions).
. Cross-sectioned model of motorcycle MIPS helmet assembly on a 45° inclined
Figure 4.4 . . . .
anvil and tested at crown impact site at a test velocity of 7.5 m/s.
Figure 4.5 WavecCel liner single cell and its eigen values in buckling analysis.
Figure 4.6 Single cell of WaveCel liner and its buckling modes.
Linear, angular accelerations & rotational velocity plot of rigid HIll headform
_ with and without MIPS helmet along with relative displacement of node on
Figure 4.7 | toam and liner & energy plots in MIPS helmet for impact velocity of 7.5 m/s

at 45° angle of inclinations of the anvil for pas= 0.3, wn = 0.3, wr = 0.05.

Linear and angular accelerations of head for side impact for motorcycle MIPS
Figure 4.8 and EPS helmet at impact velocity of 7.5 m/s along with head & axes
orientation.

. Energy plots in MIPS helmet at 45° angle of inclinations of the anvil for impact
Figure 4.9 velocity of 7.5 m/s for pas= 0.3, wn = 0.3, ws = 0.05.

Crushing of WaveCel single cell with imperfections at 7.5 m/s using rigid

Figure 4.10a | piates at top (plates removed from the view).

Figure 4.10b | Final crushed shape of WaveCel single cell.

Crushing of WaveCel helmet liner after impact in 30° oblique impact at

Fi 4.11
'gure impact velocity 4.8 m/s.

Xi



Figure 4.12a

Linear accelerations, angular accelerations and rotational velocity plots with
HIll headform (calculated at CoG of head) of WaveCel helmet & conventional
helmet at 30° angle of inclinations of the anvil at impact velocity of 4.8 m/s.

Figure 4.12b

Energy Plots for WaveCel helmet with HIll headform (calculated at CoG of
head) at 30° angle of inclinations of the anvil at impact velocity of 4.8 m/s &
6.2 m/s.

Figure 4.13

Linear accelerations, angular accelerations plots with HIll headform
(calculated at CoG of head) of WaveCel helmet at 30°,45°, 60° angle of
inclinations of the anvil at impact velocity of 6.2 m/s.

Figure 4.14a

Angular accelerations of head about X axis at different angles of inclinations
of the anvil for DDF helmet and conventional EPS helmet (30 mm foam
thickness and 3 mm shell thickness) at impact velocity of 7.5 m/s.

Figure 4.14b

Linear accelerations of head in Y axis at different angles of inclinations of the
anvil for DDF helmet and conventional EPS helmet (30 mm foam thickness
and 3 mm shell thickness) at impact velocity of 7.5 m/s.

Figure 4.15: Energy Plots for DDF helmet with HIll headform (calculated at
CoG of head) at 30° angle of inclinations of the anvil at impact velocity of 4.8
m/s & 6.2 m/s.

Xii




LIST OF TABLES

Table 2.1 AlS Scale
Table 3.1 Materials used in head -helmet assembly impact simulation.
Summary of Peak Linear and Peak Rotational accelerations of head
Table 3.2 (calculated at CoG of head) for various coefficients of friction between head
and foam at 30° inclined impact and at impact velocity of 7.5 m/s.
Head kinematic parameters for different types of impact of motorcycle
Table 3.3 helmet at impact velocity of 7.5 m/s for different helmet sizes and same
headform.
Head kinematic parameters for different helmet shell thicknesses for top,
Table 3.4 side and 45° inclined impact for impact velocity of 7.5 m/s.
Summary of head’s kinematic parameters in two different helmet
Table 3.5 conditions—considering the strap and without the strap at various angles of
inclinations at impact velocity of 7.5 m/s.
Table 4.1 Validation studies with different authors.
Summary of Peak Linear and Peak Angular/Rotational accelerations of head
(calculated at CoG of head) about X axis at 45° angle of inclinations of the
Table 4.2 . . .
anvil for different CoFs between head and foam for a commercial motorcycle
MIPS helmet.
Summary & comparison of Peak Linear and Peak Angular accelerations of
Table 4.3 head (calculated at CoG of head) about X axis at different angles of
inclinations of the anvil for MIPS helmet.
Summary of Peak Linear Acceleration and Peak Rotational Acceleration
Table 4.4 (calculated at CoG of head) for DDF helmet with HIll headform at impact
velocity of 4.8 m/s.
ble 5.1 Side impact testing on INSTRON machine of LineX coated 2 mm ABS shell on
Table 5.

EPS foam at impact velocity of 7.5 m/s.

xiii




N(x)
u(t)
M

&n
Pn

LIST OF SYMBOLS

Time

Force

Mass

Linear acceleration
Angular/rotational acceleration
Angular/rotational velocity
Probability

Angle

Moment of Inertia

Pressure

Stress

Density

Displacement vector field

Velocity vector field

Acceleration vector field

Zero displacement vector [0 0 0]7
Cauchy stress tensor

Increment of Cauchy stress

Total strain tensor

Increment of total strain

Elastic strain tensor

Increment of elastic strain

Plastic strain tensor

Increment of plastic strain
Fourth-order elastic stiffness tensor
Gradient (spatial differential) operator
Matrix of finite element shape functions
Vector of nodal displacements

Mass matrix

Damping matrix

Stiffness matrix

Normal gap between contacting surfaces
Normal contact pressure

Xiv



LIST OF ABBREVIATIONS

UTMm - Universal Testing Machine
FEM - Finite Element Method

HIC - Head Injury Criteria

PLA - Peak Linear Acceleration
PRA - Peak Rotational Acceleration
PAA - Peak Angular Acceleration

CoG/CG - Centre of Gravity

EPS - Expanded Polystyrene

EPP - Expanded Polypropylene

CSF - Cerebrospinal Fluid

ABS - Acrylonitrile butadiene styrene

CAD - Computer Aided Design
UN ECE - United Nations Economic Commission for Europe

MIPS - Multi-directional Impact Protection System

COST - Europe Cooperation in Science and Technology
CoF - Coefficient of Friction

TBI - Traumatic Brain Injury

BriC - Brain Injury Criteria

CSDMV - Cumulative Strain Damage Measure

MPS - Maximum Principal Strain

ATD - Anthropomorphic Test Device

Xv





