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ABSTRACT 

Roadside motorcycle accidents resulting in brain injury and ultimate death have become 

an important problem worldwide. Protection of motorcycle riders is an essential goal for 

motorcycle helmet manufacturers in designing helmets that minimize head injuries and fatalities. 

Kevlar® and carbon fiber-based materials are composites that are most often considered to absorb 

energy properly during a collision. Due to their extraordinary mechanical, electrical, and thermal 

properties and lightweight structure, they are widely used materials in various industries including 

defense, aerospace, automotive, sports, biomedical, and optics. In the present study, nanoclays 

(NCs) dispersed in epoxy resins at different weight percentages (0 to 10 wt%) were incorporated 

with dry Kevlar® and carbon fiber fabrics through a wet-layup process, and then cured under a 

vacuum at room temperature to produce Kevlar®-carbon fiber/epoxy hybrid composites. The 

prepared five-ply composite panels were impact tested using a low-velocity impactor, and then 

C-scanned before and after impact tests. During these tests, the impact force vs. displacement, 

impact force vs. time, and impact energy values of the composite panels were analyzed and 

compared. C-scans of the damaged composite panels were analyzed for damage area and depth. 

Test results prove that the absorbed impact energy of the motorcycle helmet meets the 

requirements and regulations for Federal Motor Vehicle Safety Standards (FMVSS) 218. During 

a collision event, it is essential to understand motorcycle helmet kinematics and injury mechanisms 

by examining the biomechanical responses. In this study, helmet impact analyses with a head-neck 

form of (AM 50th-THUMS) were carried in the finite element (FE) LS-DYNA workbench to 

explore the head injury parameters in a motorcycle rider. In this study, the modeling and 

simulations were investigated in LS-DYNA, ANSYS, and the National Institute for Aviation 

Research (NIAR) composites laboratory.  
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Recently, on average, more than 4,500 motorcycle crash fatalities per year occur in the 

U.S. Roughly 37% of those deaths involve head injuries. Since the 1976 removal of the mandatory 

helmet requirement from the 1966 National Highway Safety Act, 31 states have repealed or 

significantly downsized their requirement for motorcyclists and passengers to wear helmets while 

riding. Illinois, New Hampshire, and Iowa do not have any helmet laws, while the other 29 states 

have laws that recommend helmets for only individuals below 21 or 18 years), or fresh riders, as 

shown in Figure 1.1. Social costs, critical cognitive disabilities, and fatalities, among others, are 

reduced by motorcycle helmet laws. Between 1999 and 2019, states having helmet laws have 

experienced low rates of fatalities (33% lower and 0.4% deaths), as opposed to other states with 

no helmet laws (0.6% deaths in a population of 100,000), as shown in Figure 1.2. Approximately 

7,000 deaths were recorded between 1999 and 2019 in states that did not allow helmet laws. 

Clearly, helmet laws play positive roles [1].  

 
 

Figure 1.1. States with helmet laws 2021 [1]. 
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Figure 1.2. Mortality rates in states without helmet laws [1]. 
 

Motorcyclists tend to be more vulnerable on roads. Even moped riders have a high death 

rate from road accidents [2]. When an automobile crash occurs, the safety belt system, retracting 

steering system, airbags, car interior padding, and car body protect the occupants. Victims of 

motorcycle accidents tend to be more vulnerable than victims of automobile crashes. The helmet 

is the only safety protection for motorcyclists [3], providing protection for a specific body part 

during an accident. The abbreviated injury scale (AIS) is used to indicate the severity of injury that 

threatens life. The range of the AIS is from AIS 1 (slight injury) to AIS 6 (fatal injury) [3]. 

Approximately 39% of injuries affect the legs, 23% the head, and 19% the arms. Nevertheless, the 

most critical of injuries involves the head (about AIS 2.4), compared to leg and arm injuries (AIS 

1.9 and AIS 1.5, respectively), typically representing 80% of recorded fatalities. Additionally, the 

central nervous system experiences permanent injuries. 

Table 1.1 shows motorcyclist death trends, as the number of fatalities and as a percentage 

of all road fatalities, in countries with available statistics between 1980 and 2000. As can be seen, 
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the number of fatalities across the time period and by country varies. Also, there is a decline in 

fatalities within the United States and Europe, which makes the fatalities build a (somewhat) rising 

rate of the entire road deaths (as shown in the last two columns). Averagely, 8% of the entire road 

death represents motorcycle fatalities. Additionally, in 1990, Europe experienced four-time higher 

motorcycle deaths than auto crash [4]. This percentage is only an underestimation of the rising 

motorcycle risk, since motorcycles have only a small distance to cover daily compared to cars. 

Considering every mile traveled, the rate of death for motorcycles is at least 18 times greater when 

compared to vehicles [5]. From the table, there is a rapid decline in fatality rates in the United 

States as opposed to Europe. This is probably because of the helmet law in almost every state 

within the USA. Meanwhile, the law was not in effect as of 1980 in the United States but was in 

effect since 1975 in Europe and did not reduce the fatality rate. Additionally, there is an increase 

in the number of all road fatalities between 1990 and 2000. This may be as a result of the various 

traffic occurrences in Europe as opposed to same in the United States. In particular, there is a 

highly chaotic traffic situation in southern European nations.  

TABLE 1.1 

COUNTRIES WITH MOTORCYCLIST FATALITIES [4] 

Country Number of Fatalities As Percentage of All Road Fatalities 

 1980 1990 2000 
% Change 

1980-1990 

% Change 

1990-2000 
1980 1990 2000 

% Change 

1980-1990 

% Change 

1990-2000 

Austria 

Belgium 

Denmark 
 Finland 

France 
Germany 

Great Britain 

Italy 
Netherlands 

Norway 

Spain 
Sweden 

Switzerland 

106 

170 

59 
21 

1136 
1232 

1113 

822 
130 

29 

316 
43 

139 

107 

106 

39 
28 

1031 
769 

621 

706 
72 

25 

792 
46 

160 

111 

125 

23 
8 

831 
974 

492 

482 
92 

27 

460 
36 

83 

+1 

–38 

–34 
–38 

–9 
–38 

–44 

–14 
–45 

–14 

+151 
+7 

+15 

+4 

+18 

–41 
–71 

–19 
+27 

–21 

–32 
+28 

+8 

–42 
–22 

–48 

7. 3 

7. 5 

8. 3 
3. 1 

8.6 
10. 5 

17. 8 

 9.0  
6. 5 

 8.0  

4. 8  
5. 1 

11. 2 

7.2 

5.4 

6.2 
4.3 

9.2 
9.6 

11.7 

10.0 
5.2 

7.5 

8.8 
6.0 

16.8 

10.0 

9.2 

4.7 
1.8 

10.4 
11.4 

11.9 

7.7 
7.9 

8.9 

8.2 
6.7 

14.1 

–1 

–24 

–28 
+13 

+8 
–8 

–34 

+11 
–20 

–6 

+81 
+18 

+50 

–39 

+70 

–24 
–58 

+13 
+19 

+2 

–23 
+33 

+19 

–7 
+12 

–16 

Europe# 

USA 

5316 

5079 

4502 

3173 

3744 

2084 

–15 

–38 

–17 

–34 

8. 3 

9. 8 

8.3 

7.0 

8.7 

5.0 

0 

–29 

+5 

–29 

Total 10395 7675 5828 –26 –24 8. 4 8.2 8.4 –2 +2 
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Ascertaining how effective helmets can help in the reduction or prevention of head injury 

severity statistically requires an investigation into samples of victims of road accidents who 

sustained injuries with a substantial amount of those who use and not use helmets. Many nations 

in Western Europe have beyond 80% helmet wearing rate back in the middle 60s. Consequently, 

data required to ascertain the effectiveness of helmet exist in Europe prior to that time, however 

the United States has latest data. The effectiveness studies of helmets and helmet laws were studied 

by Goldstein. The majority of the researches indicate a rise in the rate of motorcyclist fatality after 

the helmet law was repealed, but there are large differences between the researches (where rate of 

fatality is between 10 and 63% range) [4]. A few studies show no substantial difference and decline 

in the rate of fatality. The conclusion in most of the studies is that the lack of helmet is the cause. 

However, other time trends such as motorcyclists’ experience, lower median age, annual higher 

average miles, and very fast motorcycles lead to these outcomes. The only research that supported 

these time trend made use of double pair comparison method in which a motorcycle occupant 

(driver or passenger), is considered as a control for other motorcycle accidents’ where a male or 

female driver or passenger is involved in a minimum of a fatality. The conclusion of the study is 

that riders using helmets have lower (about 27%) tendency to lose their lives in the accident as 

opposed to riders who do not use [5]. Another study has more references on the safety issues of 

motorcycle and accidents. It is on the basis of the data obtained from an occurrence and deep 

analysis of around 900 accidents (motorcycle) in Los Angeles region. From their discovery, a 3.5% 

fatality was for helmeted victims and 8.2% for victims without helmet. Thus, this study proved a 

decline in the possibility of dying in a motorcycle accident by about 57%, which is more than twice 

the results reported by the National Highway Traffic Safety Administration (NHTSA) [5]. The 

massive differences between these rates of fatality of the different studies can be traced to the 

investigation procedure. For instance, the on-site, deep analysis, which can be probably biased due 
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to underreports of no-injury accidents or minor accidents. Even with the disadvantages of the 

accident investigation, the conclusion was that the helmet remains an efficient protection against 

head injuries [6]. In auto crash, head fatalities are recorded. According to the Centers for Disease 

Control and Prevention (CDC), around 1.7 million individuals experienced a traumatic brain injury 

(TBI) every year, from which around 52,000 deaths are recorded [7]. Auto crashes were considered 

a major reason for TBI with around 17% and led to the most substantial result of TBI, with a total 

of 32% deaths. A usual reason for TBI is provided in Figure 1.3 [8]. Data from the National 

Automotive Sampling System (NASS) also showed around 52% injury from auto crashes result in 

head injuries as presented in Figure 1.4 [9]. When there is an auto crash, a force occurs, which 

pushes the head of the passenger forward, resulting in an effect against the windshield, front deck, 

and side window, which can all cause serious head injury to occupants of the car.  

 

Figure 1.3. Chart showing head injury causes [8]. 
 

FALLS
37%

MOTOR VEHICLE
13%

STRUK BY/ 
AGAINST

17%

ASSAULT
10%

OTHERS
23%

Typical Causes of Traumatic Brain Injury

FALLS MOTOR VEHICLE STRUK BY/ AGAINST ASSAULT OTHERS
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Figure 1.4. Chart showing body injuries in an auto crash [9]. 

 

1.2 FMVSS/NHTSA Automotive Regulations  

According to the 1970 Highway Safety Act, the Department of Transportation (DOT) of 

the United States set up the NHTSA [10]. The actual result was to ensure lives are saved, injuries 

are prevented, and economic costs related to auto crashes are reduced. This is accomplished by 

providing awareness programs through the establishment and enforcement of safety standards for 

various auto manufacturers. This also assists in carrying out viable local highway safety programs. 

The function of the NHTSA is to constantly investigate and monitor the newly provided safety 

standards which help to decrease casualty rates from auto crashes while new safety standards are 

implemented [11]. This assists local establishments and even the government to reduce any risk 

associated with drunk drivers. Additionally, the standards are provided to promote the effective 

utilization of safety seatbelts and even the child safety-seats, while vehicle anti-theft regulations 

are established [12]. There are numerous regulatory standards set up for the safety of occupants. 

For instance, the Federal Motor Vehicle Safety Standards (FMVSS) 218 of the NHTSA measured 

motorcycle helmet ride safety [13]. This regulation was proposed to study crash helmet injuries.  
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1.3 Motorcycle Helmet Regulation (FMVSS 218) 

FMVSS 218 was set up to ensure the decline in injuries and deaths from motorcycle 

accidents and other road users, from any impacts to the head. There is also a minimum performance 

criterion established by FMVSS 218 for motorcyclists’ helmets and other auto users. All helmets 

must satisfy criteria according to the provided conditioning procedures provided in S6.4 and a test 

is conducted with respect to S7.3, S7.2, and S7.1 of the FMVSS 218 regulation. Every test provides 

a measure for the motorcycle helmet performance as an entire system, which implies that the tests 

are carried out on the helmet entirely than just the components of the helmet [14]. The motorcycle 

helmet regulation from FMVSS 218 is as follows: 

A. IMPACT ATTENUATION: Based on S7.1, performing an impact attenuation requires 

the criteria below:  

(1) A limit of 400 g for the peak accelerations. 

(2) 200 g excess accelerations not to go beyond a cumulative.  

(3) 2.0 millisecond (ms) duration. 

(4) An excess 150 g accelerations not to go beyond a cumulative.  

(5) 4.0 millisecond (ms) duration limit.  

B. PENETRATION: Performing a penetration test on the basis of S7.2 requires no contact of 

the striker with the test headform surface  

C. RETENTION SYSTEM: Performing this test based on S7.3  

(1) The retention system or its associated component has the capacity to carry the 

explicitly stated loads with no separation; and  

(2) The retention system has an adjustable portion which shall not go beyond 2.5cm 

measurement between the test load position and preliminary position [14]. 
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1.3.1 Head Injury Criterion  

One of the major difficult standards is the Head Injury Criterion (HIC). Versace and some 

of his peers presented the HIC with respect to earlier research, and the NHTSA later made 

modifications [15]. The criterion is on the basis of the interpretation of the Gadd Severity Index. 

In relation to experimental processes, HIC was considered an empirical formula. The HIC has no 

simple representation of the maximum data value but symbolizes the integration of data across 

different time base [16]. Moreover, the HIC works in relation to the resulting data from three 

reciprocally perpendicular accelerometers connected at the ATD head based on the dummy 

criteria. HIC is just an indicator of the possibility of serious head injury. The NHTSA head injury 

criterion is presented using the expression [17] in equation (1.1). 

 𝑯𝑰𝑪 = 𝑴𝒂𝒙 𝒕𝟏, 𝒕𝟐 {(𝒕𝟐 − 𝒕𝟏) [
𝟏

𝒕𝟐−𝒕𝟏
 ∫ 𝒂(𝒕)𝒅𝒕

𝒕𝟐

𝒕𝟏
]

𝟐.𝟓

} (1.1)  

 

where t1 is considered the initial interval time at which HIC gets the maximum value (in sec), and 

t2 is considered the final interval time at which HIC gets the maximum value (in sec). 

HIC in automotive testing shows the presence of head contact impact. As provided in the 

regulations of the FAA and the FMVSS [14], the limit of the HIC is 1000 for around 36 ms Δt 

(maximum time duration). 

1.3.2  Impact Speed 

Debates against and in support of the use of helmet have remained seriously inflammatory 

within the United States. It is also not as controversial compared to gun control or abortion. 

However, various scientific researchers have consistently revealed the high possibility of survival 

for helmeted riders to 2 or 3 times more consistent compared to riders without helmet. Helmets 

have proven to prevent severe brain injuries as well. The agreement reached amongst most 

researchers shows that about 37 to 40% of those who lose their lives in motorcycle crashes without 
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helmet would have been able to survive if they used helmet. With these shockingly low statistics 

at first sight, it becomes a reality that the majority of other fatalities occur below the neck and any 

region helmets are unable to save the individual. For others who do not survive head-related 

injuries, studies prove that 80% of them had the chance to survive if they used helmets [18]. All 

helmets are not typically the same. Certified helmets have to satisfy certain criteria which the DOT 

National Highway Traffic Safety Act provided in the US as well as relevant group in other parts 

of the world, but from all the certified helmet styles, the full-faced helmet is considered the best to 

protect riders.  

 For obvious reasons, this type of helmet completely covers the head and face as opposed 

to the other ones that keep the face opened or even those that are modular. The NHTSA website 

data provides a full detail of certain helmet stack ups as well as their ratings on helmets with the 

use of their strict testing procedures [10]. The major reason why any motorcycle rider has to go 

for the full-faced helmet than others is the actual aim of this study, and the major question is given 

as following:  

 In these days, uninjured status of your face and would want to have this forever as much 

as this question seems too simple (to a certain level), when this is fully analyzed, this is the actual 

value to decide on a full-face helmet. In spite of the speed of any bike, the usual distance of an 

individual’s face to the ground is about 4.5 feet after they are off their bikes, unless there is an 

upward launch, or they slide off a cliff or steep shoulder. Usually, this is rarely the case, but can 

occur in serious cases [18].  

 The highest speed for a rider’s head to touch the ground from their seated position is around 

11.6 mph, as discovered in a 1981 Hurt Report as well as physics laws. This is why the testing 

group for helmets, such as the William “Pete” Snell Foundation (SNELL) makes use of velocity 

that is about or slightly above that to provide evidence of the worth of the helmet in the labs [19]. 
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Eight meters for each second is equivalent to around 18 miles for every hour. The measure of 

gravitational force (Gs) being transmitted across the outer shell of the helmet as well as the 

protective foam layers of the helmet before reaching the victim’s head during an accident is 

staggering figuratively. There is a slight variation considering whether it is a SNELL approved or 

DOT approved helmet. As shown in Figure 1.5, there is an increase in velocity from around 4 

meters for every second to around 10, while the gravitational force has a range between 100 and 

300 or higher [19].  

 
Figure 1.5. Velocity vs. Median flat peak [19]. 

 

1.3.3 Shock Absorption Standards  

Any helmet standard must consider impact protection. Even though the general term to 

ascertain impact protection is the use of the shock absorption tests, the quality of helmet is rarely 

evaluated through the measurement of the absorbed energy amount. But rather the history of the 

acceleration time of the helmeted individual being measured when there is an impact. This 

measurement, there is a relationship between the injury parameters like the maximum acceleration 

as provided in the first chapter and other requirements relative to the potential for injury, which 

are ascertained. The test severity, when considering the headform kinetic energy as well as the 
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helmet before any impact as well as the anvil profile has variations between the different standards. 

The test condition and criteria for the DOT, ECE, and SNELL are compared in Table 1.2: 

TABLE 1.2  

CRITERIA FOR SHOCK ABSORPTION OF HELMET STANDARDS [20] 

Standard Anvil Shape 
Impact 

Criterion 
1

st Impact 2
nd Impact 

ECE R.22 
flat or 

kerbstone∗ 7.5 [m/s] - 
ar, max < 275 [g], 

HIC < 2400 

 

Snell M2000 

(non-profit) 

flat 
 

hemisphere  

edge 

150 [J] 
 

150 [J] 

150 [J] 

110 [J] 
 

110 [J] 

- 

 

amax < 300 [g] 

 

DOT, FMVSS 218 

flat 

hemisphere 

6.2 [m/s] 

5.2 [m/s] 

6.2 [m/s] 

5.2 [m/s] 

amax < 400 [g], 

a[2ms] < 200 [g], 

a[4ms] < 150 [g] 

• Ambient: Flat and kerbstone anvil 

• Hot: Kerbstone anvil 

• Cold: Flat anvil 

• Wet: Flat or kerbstone [13] 

 

As Table 1.2 illustrates, the impacts happen for four major anvils: a 4-inch diameter applied 

in DOT and M2000, the flat applied across the standards; the hemispherical anvil having a 4-inch 

diameter; the edge anvil with wide beam of around 6mm, applied in M2000; and the curbstone 

anvil that looks like pavement curbing applied in R.22 [21].  

When the Impact M2000 occurs, there is a minimum of five impacts found in a helmet 

randomly: two impacts around the hemispherical anvil on just a site having a minimum from the 

past site, two impacts around the flat anvil on a particular single site, and an impact around the 

edge anvil having a minimum of 120 mm on a site from the two previous sites [21].  

 Kinetic energy is used to portray the severity of the falling headform as well as the 

headform guidance system with no helmet. The headform guidance system and even the headform 
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have no variation in the size of the headform. The first drop is usually around 150J, typically the 

same as the impact velocity of about 7.7m/s, while the second drop is usually around 110J, 

typically the same as the impact velocity of about 6.6m/s. There is a significant margin left by the 

impact procedures to the helmet tester in relation to the anvil selection and impact site. The tester 

has to apply his experience to ensure each test series is arranged in an organized manner in a 

manner that possible failure modes and potential weaknesses are in operation [22].  

 Two impacts are required by the DOT standard at the site tested in opposition to the 

hemispherical anvil and the flat anvils. No impact criterion is required against the other anvils. 

Eight impacts are received by each helmet, each anvil having two. There is a minimum of one-

sixth for the impact sites of the headform circumference separately. A description of the severity 

is provided based on the headform velocity before the impact. Meanwhile, the anvil is considered 

before choosing the required velocity, but remains constant for the first impact and second impact. 

Nevertheless, the kinetic energy before the impact has no similarity for every headform, 

considering that the large headform and the guidance system differ from the M2000, with a higher 

weight compared to the small headform having guidance system. Therefore, the size of the helmet 

ascertains the headform to be considered and therefore ascertains the headform’s kinetic energy as 

well as the headform guidance system before the impact. Also, the kinetic energy before the impact 

of the large, medium, and small headform as well as the guidance system are 89.1J, 61J, and 50J, 

respectively, for the flat anvil tests, with 82 J, 68 J, and 47 J, respectively for the hemispherical 

anvil tests [23].  

 Just an impact is required by the ECE standard against the kerbstone anvil and flat anvil. 

For DOT, the impact velocity is the basis of the description of its impact severity: 7.5m/s for the 

two anvils. Meanwhile, the ECE standard makes use of eight separately sized types of ISO 

headforms, with letter indications such as A, C, E, G, J, K, M, and O. Basically, E, J, and M ISO 
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headforms have impact energies that are considered large, medium, and small headform for the 

DOT, with 158J, 132J, and 115J, respectively. Then the single impact draws near the M2000 first 

impact levels while typically exceeding it for the massive size headform. The ECE standard’s 

impact sites are defined in advance on the rear, top, front, and rear of the helmet [24]. 

 ECE standard is different from DOT and SNELL standards because of the support the 

headform gets amid the drop test. When conducting the SNELL drop test and DOT drop test, the 

test process suppresses the rotational motion of the headform. The headform can only be permitted 

to go in the impact direction, while there is no suppression of the helmet motion when carrying 

out the ECE drop test, which allows for the six freedom degrees movement when the impact 

occurs. For this case, the headform guidance system and even the helmet tends to release after an 

impact occurs, therefore, no effect on the helmet’s load [24].  

1.3.4 Chin Bar 

 In Europe and the United States, most helmets in the market are usually full-face helmets. 

The full-face helmets have chin bar, which is regarded as a chin guard. It helps to ensure the head 

is protected against the impact of the chin. A test was stipulated by the ECE, DOT, and SNELL 

standards for the chin impact, in the event that the helmet is composed with the chin bar. A standard 

drop test is being used by the ECE standard alongside the impact at a 5.5m/s velocity at the chain 

regarding the flat anvil, while the SNELL standards make use of another approach entirely. The 

SNELL standard permits for as much as 60 mm deflection, especially when there is a vertical drop 

of around 5kg mass on the chin bar at a 3.5m/s velocity. In the event that the deflection goes 

beyond the required limit, the helmet will not be accepted. The maximum resultant acceleration is 

being required by the ECE standard which must not go beyond the 275g with less than 2400 HIC. 

If any of the thresholds is surpassed within the test of the chin bar, the helmet is accepted; however, 

a warning sign has to be used with the help to let users know that the helmet is not capable of 
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protecting the chin from the impact. Additionally, the requirements are applicable on SNELL, 

DOT, and Bureau of Indian Standards (BIS) [25].  

1.4 Motivation 

Over the past few years, most efforts to reduce motorcycles rider’s fatalities and brain 

injuries have focused solely on isolation techniques, such as traffic regulations FMVSS218, public 

educations [13-24]. Developing Motorcycle helmet is one solution for reducing the fatality rate. 

Significant advancements have improved the helmet safety, and studies have been undertaken on 

rider responses and injuries during impacts using dummies, and computer simulations. The Volpe 

National Transportation Systems Center (Volpe), in support of the National Highway Traffic 

Safety Administration, and Department of Transportation developed and exercised a methodology 

to estimate the potential safety benefits for the ridders. The headform and the Hybrid III crash test 

dummy are used to predict injuries and fatalities resulting from impacts with flat, hemispherical 

Anvils, and simulation scenarios. The demand and use of computational human body models are 

suitable for investigation, especially considering head and brain effects on rider motions and injury 

outcomes. 

• By developing the motorcycle helmet materials, the injuries and fatalities during the 

crash will decrease by using hybrid composite. 

• To assure that by using new hybrid composite materials, the absorbing energy will 

increase, and the overall helmet weight will be 30% lighter than commercial helmets.  

• The current work focuses on brain injuries, developing full-scale of hybrid composite 

helmet and motorcycles models. 

Recently, computer technology developments have allowed applied mathematicians, 

engineers, and scientists to solve previously intractable problems. Simulation tools for predicting 
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occupant kinematics and injury criteria include ANSYS and LS-DYNA 3D [74]. This study 

follows the comparison between commercial helmet to hybrid composite helmets by using 

HYBRID III dummy model with head and neck foam, and Full-size Human model (THUMS) to 

examine the kinematic behavior during the front, rear, and side impact.  

1.5 Objectives 

The risk of brain injury in a motorcycle collision with a static object or dynamic object is 

related to several parameters, such as helmet design and its structure, speed, and the direction of 

the motorcycle movement. Finite element modeling and simulation can be utilized to examine the 

helmet collision to improve helmet protection for the riders in various circumstances. The goal of 

the study is to propose improvement in motorcycle helmet impact protection. To achieve this goal, 

the following objectives have been identified: 

• To develop, utilize and compare various scenarios impact modeling approaches: 

➢ Full-size dummy finite element, and full face motorcycle helmet. 

➢ Head-form and neck finite element. 

➢ The hybrid composite materials. 

• To propose and investigate the effectiveness, protection of new Hybrid composite shells 

advances as well as in reducing impact severity during collision using computational and 

methods. 

This research aims to carry out an analysis of the full-face helmet model on a finite element 

workbench. The results of the injuries sustained by pelvis and in terms of its, bending moment, 

contact forces and head acceleration are obtained using LS-DYNA workbenches. The explicit LS-

DYNA code is used to verify the hybrid composite helmet performance against the biomechanical 

limits. Therefore, the results contrast with different material of the Helmet parameter to estimate 

the Head injury criterion (HIC) injuries and fatalities. Further, the study has examined the HIC, 
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helmet outer shell failure, and how the response and the improvement of the hybrid composites in 

crashworthiness.  
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CHAPTER 2 

LITERATURE REVIEW  

2.1 Standards of Motorcycle Helmet 

2.1.1 Department of Transportation 

 The United States have laid to the Federal Motor Vehicle Safety Standard (218) since 1985 

for the Approval Standard of motorcycle. Over the last three decades, researchers are doing 

experiments they can ensure these standards are developed. A metallic headform is connected to 

one linear accelerometer. The monorail is used to vertically guide the headform with a static 

assembly. Part of the test includes the headform acceleration positioned around the helmeted 

headform center of gravity (CG) when the impact is against hemispherical anvil or flat anvil. The 

individual helmet has an impact at four particular points alongside two similar successive impacts 

at these points. All of the sites, the flat anvil impact two of the sites while the other two are in 

opposition to the hemispherical anvil. An initial 6 m/s speed is required for the tests to be carried 

out on the flat anvil while the ones against the hemispherical anvil are about 5.2 m/s. This standard 

requires that [9]: The requirements for the pass or fail are: 

i. The limit of the acceleration peak is 400 g; 

ii. The acceleration dwell time is 200 g with a 2ms limit;  

iii. The acceleration dwell time is 150 g with 4 ms limit.  

The helmet model and manufacturer name will carry the new certification label as well as 

these data – “DOT FMVSS No. 218 Certified.” The first time the rule was proposed was for public 

comment [16]. The new regulation is designed to decrease the existence of novelty helmets through 

the process of making it hard to offer “DOT” label helmets for sale which does not satisfy the 

present Federal Motor Vehicle Safety Standard (218) as published for the first time in 1973 [23].  
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 After the rule became operative on May 13, 2013, the NHTSA also published amendments 

of the FMVSS 218 which will (assist the NHTSA to ensure the standard is enforced by establishing 

considerable tolerances for specific test conditions, procedures, and devices). The Federal Register 

declaration: “In particular, this last rule presents the quasi-static load rate of application for the 

retention system of the helmet; provides a revision of the impact attenuation test by identifying 

tolerance limits and test velocity as well as taking off the specification of the drop height test; 

offers tolerances suitable for the conditioning specifications of the helmet as well as reduce 

assembly weights; and provides revisions for criteria associated with the size labeling and DOT 

symbol location.” According to the NHTSA, a sale of 5.2 million helmets occurs annually within 

the United States and 54% of all motorcyclists made use of the “DOT” helmet or FMVSS 218 

helmets in 2010 [13]. The novelty helmets were used by 14% of the riders and 32% of the riders 

rode their motorcycles without helmet. Figure 2.1 presents a noteworthy decrease in the difference 

in FMVSS 218 conformable helmet use as opposed to 2009, with comparable percentages at 24, 

9, and 67% [18].  

 

Figure 2.1. Motorcyclists based on helmet type [18]. 
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2.1.2 Economic Commission for Europe Standards 

 The present standard for every European Union country is the Directive ECE 22 05. The 

helmet has an absorption capacity when there is an impact, which is evaluated when the headform 

acceleration is being recorded the moment the free fall helmeted headform impacts at a certain 

speed against the fixed anvil. This Directive recommends impact velocity that are 5.5m/s and 

7.5m/s which are for point S (chin), X (lateral), R (occipital), P (vertex), and B (frontal). A triaxial 

linear accelerometer is used as the headform instrument for the tests. There are two anvil types 

used, the kerbstone shaped anvil and then, the flat horizontal shaped type. The absorption 

efficiency is adequate as long as the measured resultant acceleration at the headform CG does not 

go beyond 275G and the moment the Head Injury Criterion does not go beyond 2,400 for the entire 

five different impact points [22].  

 Furthermore, the highest standard regulation is ECE Regulation 22 in Europe Similar to 

numerous helmet standards, the British Standards Institution (BSI) heavily influences it [22]. All 

helmet standards consider impact protection first. The shock absorption test is the general term for 

testing the assessment of impact protection, which is a major focus in this study. Conceptually, 

even the best helmet standards are similar: A helmeted headform declines to an anvil while the 

measuring the headform acceleration. Nevertheless, the headform mass and shape tend to be 

different, especially in anvil type, impact site, headform support, and impact velocity when the 

impact occurs. The Appendix A provides a discussion of the establishments of a few top standards 

(DOT, SNELL, and ECE).  

 A helmet quality can be effectively evaluated when the shock absorption test is considered 

a perfect representation of realness. Understanding the process by which protective measure like 

using a help is effective, knowing the process of an accident into injury matters. When a 

motorcycle accident occurs, the helmeted head feels the mechanical load. The magnitude and 
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direction of the load are ascertained by the configuration of the accident. The helmet dynamic 

response and even the helmet-head interaction ascertain the transfer of load directly to the head. 

The biomechanical response the head feels is ascertained by the load on the head, which is 

described using strains and stresses. An injury parameter or injury specification is applied towards 

the evaluation of the risk of having an injury. This relates to physical components or different 

physical components which work excellently with the body’s injury severity based on 

consideration [20]. When a certain value is being rejected by the injury criterion, there is a possible 

injury.  

2.1.3 SNELL Memorial Foundation 

 The responsibility of the SNELL Foundation as a not-for-profit is to establish standards for 

helmet specifically for motorcycling or other vehicular activities. The SNELL Foundation is 

committed to educating, researching, developing, and even testing helmet safety standards. Since 

1957, the foundation remains a vital force within the helmet industry. It is a popularly known 

organization within the United States and the world at large and not only for motorcycles [21]. 

Over the last half a decade, the M2015 had some old standard and also worked effectively and 

usually, as long as a helmet has this rating, it will definitely protect a motorcyclist [21]. Moreover, 

the SNELL Foundation then made M2020R and even M2020M, which had different impact test. 

The major focus of the scientist was the impact test, particularly how brain injury can be impacted. 

The M2020D (where the D means DOT) works for markets using DOT. This implies that the 

impact standard has similarity with M2015. However, the M2020R (where the R means Regulation 

22) works in other different markets. There are a few tests required by the M2020D based on 

SNELL documentation: 

• Flat Anvil: there are two different impacts -7.75 m/s and the other is based on test 

headform, 
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• Edge Anvil: 7.75 m/sec, 

• Hemispherical Anvil: similar to the flat. 

The Test Criteria: The limit of the recorded shock is the peak G level established for the main test 

headform. Meanwhile, the FIM (known as FRHPhe-01) and the M2020R (in accordance to the 

European Demands (ECE 22-05) standards have the following requirements:  

• Flat Anvil: having just a single 8.2m/s impact 

• Edge Anvil: 7.75 m/s  

• Hemispherical Anvil: there are two different impacts -7.70 m/s and the other is based on 

test headform  

The Test Criteria: The limit of the recorded shock is at the peak G level for the main test headform, 

while the HIC evaluated to get the shock pulse has a 2880 limit.; Even though the directors of the 

SNELL conclude that there is a limited use of HIC when the helmet protective capability is being 

evaluated, their consensus is that M2020R has to provide a level of assurance of a few level of 

compliance with the criteria of HIC leveled in ECE 22-05 as well as in FIM, and for this assurance 

to be obtained, the HIC criterion has to be applied in M2020R [21].  

2.2 Standard Drop Tests – An Experimental Study 

 Validated crashed helmets were used by the researchers on ECE-R 22 to examine the 

relationships that exist between the performance of the helmet and the design parameters based on 

numerous specifications. The major focus was the protective padding and the outer shell material 

properties. The accelerations of the test head, the anvil reaction forces, and HIC values in the 

frontal impact were evaluated. Additionally, the residual deformation regarding the protective 

padding liner was inspected after 24 hours of the tests. There are two classifications of the existing 

helmet: low-stiffness helmets with outer shell and high-density protective padding liner, for 
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instance the fiber-reinforced plastic (FRP) shell-type helmets; and the low-density protective 

padding liner, for instance, the polycarbonate (PC) shell-type helmets. There were certain 

differences discovered in the deformation modes existing between these two as presented in Figure 

2.2 [24]. 

 
Figure 2.2. Deformation modes of shell-type helmets with FRP (left) and PC (right)  

[26].  

 

 The FRP shell helmets have an energy absorption that is frequently as a result of protective 

padding deformation ‘from the inner part’ as well as the load distribution which is asserted by how 

the protective padding dimensions is compatible as well as the headform shape. While on the other 

hand, the PC shell helmets frequently indicate deformation ‘from the external’ with the geometry 

of the object struck being ascertained with the capacity of the load distribution regarding the 

protective padding materials [26]. There is a greater maximum load for the FRP shell helmets as 

well as onset rate, while the force distribution and even the duration of time regarding the impact 

tend to be highly suitable as opposed to the PC shell helmets. There is also a similar energy 

absorbed among the helmet deformation for individually tested helmet. The researchers did not 

provide any statement on the exact helmet that helps to ensure the head is better protected, but if 

the entire energy the helmet absorbed is considered similar, the conclusion that may be drawn is 

that there is a higher protection from the PC shell helmet, considering the longer time of the impact. 
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Therefore, there is a lower change rate in the absorbed energy. Nevertheless, there is no proof that 

the change rate in the absorbed energy tends to be a better head injury specification for the impact 

severities that happen when there are road accidents. Additionally, when the impact duration is 

longer, it implies a massive protective padding liner deformation (with similar headform mass and 

impact velocity), which implies a higher bottoming-out risk. The bottoming-out is considered as 

the idea that there was a previously used energy absorbing abilities by the protective padding liner 

[26]. 

 Schuller and Beier reported that about 131 different helmeted motorcyclist accident 

victims, particularly considering outer shell material and head injury occurrence. Their discovery 

was victims that made use of PC shell helmets appeared to experience lower cerebral concussions, 

serious cerebral injuries, and fractures of the skull compared to those that wear FRP shell helmet 

and Acrylonitrile-Butadiene-Styrene (ABS) shell type of helmets [27]. The cerebral concussion 

occurrence linked with the skull fractures tends to be substantially different among the FRP and 

PC shell type of helmets. Most FRP helmets users experience minor related head contusions, non-

minor lacerations, and moderate cerebral concussions, particularly considering less intense 

impacts. However, those who wear ABS or PC helmets experience rarely experience these injuries. 

The researchers did not carry out any categorization process for the severity of injury within these 

injury groups. From this study, it is clear that there is a higher protection of PC shell type of helmets 

compared to the FRP shell type for the head when there is an accident [28]. Also, Biglan et al. 

attempted a test on several categories of the stiffness of outer shell and even protective padding 

liner density. The results they investigated were from the drop tests based on British Standard 

6658. Five particular impact sites were used to test each helmet: the left, right, rear, front sides, 

and the crown. Their discovery showed decline in HIC values alongside the decline in the stiffness 

of shell as well as the decline in protective padding liner density [29]. The helmets having no outer 
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shell were tested, which proved lower values of HIC. There was also a resulting lowest rebound 

velocity. The conclusion they drew was that the major reason for such high rebound velocity is 

from the outer shell, hence the higher values of HIC, considering that HIC works for the time and 

magnitude regarding the resultant acceleration. According to Hopes and Chinn, if there is a 

constant use of the helmet’s crush depth, a substantially lower value of HIC is possible. The 

helmets currently available are made with small aspect of their crush depth [30]. 

 Generally, it is safe to conclude that the outer shell of the present helmets and their 

protective padding liner tend to be extremely stiff. When the stiffness of the outer shell is reduced, 

the acceleration pulse duration and even the protective liner density decrease the acceleration pulse 

magnitude [24]. The drawback to these conclusions is that there will be no lowest rebound by any 

outer shell (with zero stiffness), even though it is composed of weakest capacities of load 

distribution. Particularly in any traffic, there may be indispensable load distribution capacities, 

considering the rare localized loadings (> 10%) [30]. Skull fracture chances are high when 

localized loadings occur to the head. Then again, with extremely low protective padding liner 

density, there is a bottoming out, which leads to a very quick increasing load on the entire head.  

2.3 Standard Drop Tests and Numerical Modeling  

 Having a better understanding of the process by which the helmets secure the head is 

through numerical simulation. Numerical models are of two types to describe the impact 

characteristics of the helmeted head in different related works: finite element models and lumped 

mass models.  

2.3.1 Lumped Mass  

 Basically, the lumped mass models tend to be computationally affordable and very simple 

to apply for trend researches. For instance, in lumped mass models, the helmet (components) and 
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even the head undergo modeling as the rigid masses are in connection to dampers and massless 

springs. Figure 2.3 provides more details [26].  

 

Figure 2.3. Helmet lumped mass model [26] 

 The researchers examined the anvil /striker forces, especially in the second impacts as well 

as how impact velocity impacts anvil/striker force. Similar to other experimental studies within 

this research, the conclusion was that the anvil force is capable of being decreased through the use 

of a highly compliant outer shell that is combined with the lower density protective padding that 

is less stiff. The crash helmet’s test standards need both penetration test and double impact tests as 

provided in Appendix A, which leads to using a protective padding and stiff outer shell. In the 

event that these criteria are neglected, the author’s report the need to improve the helmet designs. 

Also, the ECE helmet testing standard penetration test is considered [26-30]. A lumped parameter 

model developed by Kostner (1987) with the use of the transfer matrix method was considered 

[31]. They discovered a rise in the protective padding liner density as well as the shell thickness 

which results in a rise in the headform acceleration. As the protective padding liner’s thickness 

increases, the headform acceleration experiences a minor decreasing impact.  
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 The actual drawback of the lumped mass models is their usual involvement in geometrical 

model assumptions that are difficult to reach and are thus not applicable for quantitative researches. 

Additionally, they can be typically used for the description for the deformation for a particular 

direction of loading, which requires model parameter recalibration for every configuration of the 

impact [31]. 

2.3.2 Finite Element Technique  

 The finite element models tend to be way more computationally not affordable when 

compared to the lumped mass models, which makes them not very suitable for extensive parameter 

researches. Moreover, it takes a lot of time to construct these models. However, the moment there 

is a construction of the 3D finite element model; it is applicable in any configuration of impact, 

with no changes in the parameters of the model, thereby generating quantitative results. 

Additionally, the material model and even the geometrical model parameters are usually very 

easily evaluated and precise. When the impact occurs, the helmet’s shape, especially the protective 

padding liner tends to the change, thereby affecting the helmet’s mechanical feature. It is 

impossible to model this effect alongside mass models. Additionally, rotational accelerations 

cannot be easily evaluated. This is essential as a result of the rotational acceleration having massive 

impact on head injury [32].  

 Köstner’s research provided different finite element models, particularly for motorcycle 

helmet [31]. The outer shell was modeled by all the studies, even the protective padding liner, 

however, the impact of the soft comfort liner was neglected, which offers the perfect helmet fit on 

the human head. Chang et al. [33] and Brands et al. [37] have validated models alongside 

experimental data. A summary of the finite element helmet models is provided in Table 2.1, 

including the investigated impact sites [33], including padding thickness, impact energy, and 

different shell thickness in simulations regarding the top impact. The simulations they got led to:  
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• An increase in maximum head acceleration with higher shell thickness. 

• An increase in maximum head acceleration with higher padding density.  

• A slight decrease in maximum head acceleration alongside an increase in padding 

thickness.  

• An increase in maximum head acceleration alongside an increase in impact energy. 

 

TABLE 2.1  

 

COMPARISON BETWEEN FINITE ELEMENT HELMET MODELS [31] 

 

References Helmet Type 

Materials 

Impact Site 

Shell 

Protective 

padding 

Comfort 

padding Head 

 
Köstner 

 

Full-face 

 

ISOLIN 

 

ISOPLA 

 

- 
 

 

F 

 
Yettram  

Full-face ISOLIN ISOPLA 
 

- 
Solid T 

 

Brands 

 

 

 

Full-face 

 

 

 

 

 

 

ISOLIN 

 

 

 

 

 

 

ISOPLA 

 

 

 

 

 

 

Gap 

 

 

 

 

 

 

Rigid 

 

 

 

 

 

 

T, F, R 

 

 

 

 
Chang 

Full-face ISOPLA FOAM - Rigid C 

ISOPLA = isotropic, elastoplastic; FOAM = crushable foam; T = top impact; C = chin impact, F = frontal impact; 

FOAM = crushable foam; ISOLIN = isotropic, linear elastic. 

 

The effect of the impact energy for the head acceleration can be reduced through the 

paddings and the use of plastic material behavior, which helps in the combination of a rigid shell, 

while ensuring the consistency of acceleration across large impact energy levels. Just different 
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shell stiffness was discovered by Yettram (with 4mm thickness) as well as a thickness of 25mm 

for protective padding liner density within their simulations [34]. The expanded polystyrene (EPS) 

foam stress-strain curves were measured to define the protective padding liner’s material 

properties. Calculations were calculated with the use of a ‘theoretical material,’ that has an 

extremely low stiffness and density. Their calculation also showed peak acceleration computation 

and even values of HIC. Even though this model was recognized by the authors, there is no 

representation of existing crash helmet due to its simplified geometry – making the HIC numerical 

values and peak acceleration inconsiderable regarding any specified values to the injury. These are 

trends that are corresponding to the ones in the experimental analysis [34]. With these trends, there 

is a confirmation that the optimal head protection (which includes the HIC and low peak 

acceleration) requires a highly compliant shell and the liner has to be less dense.  

The parametric study results indicated the application of impact load on the headform 

through different mechanisms, including outer shell vibrations and protective padding liner. 

Brands approved these findings and discovered that the material feature of the protective padding 

liner has a substantial impact on the helmet’s energy absorption. Nevertheless, they stated that an 

actual material model will not be considered for this particular component. An elastoplastic, 

isotropic material model was considered since it can be incompressible when it yields, whereas 

there is a Poisson ratio zero for EPS foam [35]. The study by Brands et al. [37] included a model 

validation that made use of experimental data from various drop tests. The protective padding 

material parameters were applied to ensure the model is tuned to correlate top the experiments of 

the drop test.  

The authors assume that when the helmet is modeled, their results may be improved. 

Additionally, their conclusion was that when the comfort liner is modeled, the helmet model could 

be improved as well [36]. 



29 

The models in Brands’ study were validated for frontal and side impact, with credible 

results. Nevertheless, the protective padding liner has material properties in the actual helmet, 

which was the basis of their model, and has no consistency on the helmet [37]. 

The majority of numerical studies showed how the finite element, lumped mass research 

and even many other experimental studies showed the need to reduce the stiffness of the outer 

shell and protective padding liner density in order for the time and magnitude regarding the head’s 

resultant acceleration can be reduced. Clearly, the stiffness of the helmet has limitation in its 

reduction, particularly regarding the helmet’s protective abilities and consistent geometrical 

properties; nevertheless, these were not included in any of the studies [37].  

2.4 Composite Material Application in Automobile Structures  

 Basically, composite materials are made up of fiber-reinforcement materials connected to 

a matrix material. Additionally, composite materials show amazing chemical and physical 

properties including stiffness, chemical attack resistance, corrosion resistance, and lightweight. 

The strength and stiffness of the composite materials are subject to change when in the fiber 

loading direction. The composite materials are capable of being applicable in automotive structures 

such as motorcycles, cars, and their gears, because of how excellent they are [38]. Composites 

application in military and even commercial automotive has substantially increased over the last 

20 years or more. The most popular thermoset structural composite since 1990 is the GRP – Glass 

Reinforced Plastic, which is a polyester resin is used to make it and with glass fibers organized as 

a woven mat or random long fibers. The matrix is saddled with the responsibility of offering a 

molded finish to the entire shape as well as to ensure the fiber is positioned rightly. An adjustment 

can be made to the matrix to be tough or stiff, just as the fibers are capable of carrying the loads, 

thereby providing that area with stiffness. The composite structure that is most effective is the 
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laminate of two major thin composite skins which can be any of the honeycomb material sides. 

One skin composite is regarded as monolith [39].  

 Most research studies over the past five years indicate change of the metal materials applied 

in the automotive industry till date, particularly composites and plastics that have helped higher 

service life, absorption of vibration, and absorption of increased noise, as well as full insulation of 

the vehicle compartment to ensure kinetic energy of shocks are absorbed whenever there is an 

accident [40].  

 Composite materials have been applied within the automotive industry for the last recent 

years. Till date, automotive models ensure 50% of their construction incorporates composite and 

plastic materials. The majority of the vehicles of today are composed of composite materials. The 

choice of the composite materials is based on the function that they perform in the entire vehicle. 

These components can be technologically obtained to plan an essential function in the choice of 

the material applied in car part manufacture. The parts are also capable of being made from some 

subassemblies of similar composite material or various materials, which can be either non-

removable or removable [40].  

 According to a study by Balakrishna et al. [41], when there is an increase in the glass fiber 

concentration in the ABS that was processed, (from 5 to 10, to 20, and to 30 % wt), an improvement 

of the tensile modulus and tensile strength occurred but with lower strain value. When the glass 

fiber concentration is increased, there is a better connection between the SGF and ABS [42]. 

According to a discovery by Yusuke Miyazaki, the moment the liner’s foaming ratio and shell-

thickness underwent a variation, an optimum combination was indicated in which the shell part 

fails while neglecting the liner bottoming, enhancing the helmet’s shock absorption capacity [43]. 

Additionally, mold flow analysis was conducted by Anil Kumar on helmet by the use of the plastic 

advisor considered as pro/E module. His discovery was that the Nylon 4-6 plastic is suitable than 
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ABS plastic, while impact ABS plastic is more suitable for the manufacture of safety helmets when 

the injection molding process is done.  

 Three-dimensional finite element modeling (FEM) was performed by Gupta regarding the 

helmet components. MSC software and even some material properties were used for the 

development of the test headform, including the estimation. The conclusion was that some existing 

materials where energy absorbing liners (EA) are possibly created have the capacity to enhance 

the impact performance of the available HGU-84/P helmet as illustrates in Figure 2.4 [44]. Old 

and new designs of helmets can be analyzed and designed with the use of FEA. Additionally, the 

cellular structure-based type of inner liners in which additive manufacturing technique was used, 

are composed of fascinating potential toward the improvement of the safety of bicycle helmet [44].  

 

Figure 2.4. HGU-84 Energy absorbing liner [44] 

2.4.1 Fibers for Composite Manufacturing  

 The fiber is composed of reinforcement constituent material with the function of carrying 

locomoted across the composite laminate. The composite rigidity is being confined by the fiber 

while ensuring the damage propagation or crack is being impeded. An overview of the popularly 

used fibers in the industry is presented in Table 2.2. Every fiber has its own suitable application. 

Since it is very affordable, glass fiber is popular for automobile parts creation, sport goods, 

insulation purposes, etc. Even with the expensive nature of carbon fiber, it remains popular because 
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of its high modulus and solid strength. Carbon fibers are usually applied for heavy loads like 

critical aerospace parts [48-49-50]. 

TABLE 2.2 

FIBER TYPES AND THEIR CHARACTERISTICS [47] 

Fiber Characteristics Modulus (GPa) Ultimate Strength (GPa) 

Glass • High Strength 

• Low Stiffness 

• High Density 

• Least Expensive 

E-Glass: 76 
E-Glass: 1.4 – 2.5 

Carbon • Two types: High-modulus or 

High-strength 

• More expensive than Glass 

• Lighter and Stronger than Glass 

High-Modulus: 

390 

 

High-Strength: 250 

 

High-Modulus: 2.2 

 

High-Strength: 2.7 

 

Kevlar® • High Strength-to-Weight Ratio 

• Expensive 

• Good ballistic properties 

• Tougher than Carbon and Glass 
125 

3.2 

 

 Then again, Kevlar is popular for its solid strength-to-weight ratio and known as a unique 

DuPontTM industries’ product. It was initially called Poly-paraphenylene terephthamide and was 

created in 1964 at DuPontTM by one Polish American, Stephaniue Kwolek, a chemist, for the 

purpose of a lightweight fiber typically required to substitute for the clumsy and heavy steel cord 

applied in car tires. From that period till now, Kevlar fabric potential has enhanced to be applied 

as yarns for seam stitching and panels (Kevlar 29) or just for inflexible bodies in order to exploit 

physical properties [45-46]. 

The use of Kevlar® fibers has its advantages, including the following  

• The fiber has up to eight-time strength than a steel wire 

• It has the capacity to burn and can easily extinguish once heat is removed 

• The fiber has the capacity to resist heat and temperature as much as 850ºF 
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• It can have pliable and soft remain to around -320ºF and strength can be increase under 

lower temperature. 

• Kevlar® K29 has more absorbing energy than other Kevlar® K49. 

The disadvantages are the following:  

• When exposed to ultraviolet light for a long time, degradation and discoloration can 

occur 

• The fibers have some chemicals capable of weakening the fabric’s strength [38-41] 

This research study chooses Kevlar-K29 fabric. Basically, the fabric is composed of a 4 

Harness Stain Weave, alongside the warp and fill composed of Kevlar yarns. The Kevlar® K29 

weave pattern is very beneficial to the construction parts alongside substantial conformances [51]. 

2.4.2 Composite Matrix  

Matrix performs a vital function in a composite holding the required orientation 

reinforcement, as it remains the channel for the transfer of the load between the fiber and the 

protection of the fibers from any harmful effects from the environment. The matrix can be ceramic, 

carbon, polymer, or metal; the choice is based on the requirements of the application. The 

popularly used matrix recently is the polymer matrices. These matrices have two major categories 

Based on this classification, the most popular is thermosets, such as polyester or epoxy as shown 

in Figure 2.5. The major difference existing between these polymer types is the cure of  

 

Figure 2.5. Fiber and Matrix for composite manufacturing [47]. 
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Thermosets and can be in any shaped. The thermoplastic on the other hand required specific 

temperature to mold, and only when cooled before it goes back to its original state, thereby making 

it a reversible process or a material capable of being remolded [46-47].  

Furthermore, thermoplastics are popular for impact resistance. However, when compared 

to thermosets, thermoplastic material can be created in a very complex manner. Chemical reaction 

is allowed in thermoset and fibers can be cross linked with thermoplastics (a resin system) which 

results in more suitable mechanical properties and adhesion. This experiment considers a 

thermoset polymer like epoxy since it is important to mix nanomaterial with the matrix. A versatile 

resin is the West System 105/204 resin, which is now an accepted epoxy resin to formulate and 

even fabricate [52].  

2.4.3 Rule of Mixture 

 Weight fraction or volume fraction are the basis for matrix and fiber mixture. Usually, a 

ratio helps in combining the mixture based on percentage. In most cases, the CFRP is composed 

of 42% matrix and 58% fiber, while the CFRP is composed of 50%. The volume fraction for the 

two is being defined by Equation 1.1 for the fiber (Vf) and (Vm), equivalent to 100% or 1%.  

 𝑉𝑓 + 𝑉𝑚 = 1  (2.1) 

 The mixture equation rule (1.1) is suitable for transverse modulus and longitudinal modulus 

when the assumptions below are considered for composite panel when necessary [53] 

1.  Matrix having no voids 

2. Uniformly distributed fibers 

3. No residual stresses for lamina 

4. Matrix and fiber have a suitable bonding 

5. Linearly elastic materials make up the constituents 
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6. Application of load is parallel or normal to fiber direction 

This study involves a 0.74 fiber volume fraction as well as a 0.26 matrix volume fraction. This 

is a 74-26 ratio in order to ensure the Kevlar composite panel is quite breakable. Additionally, the 

use of the weight fraction calculation requires that each constituent amount is done to reach the 

volume fraction. Once the volume fraction is set, alongside the density of all constituents (ρf and 

ρm,), the composite panel’s density (ρc) is simply evaluated using the equation below:  

 𝜌𝑐 = 𝑉𝑓𝜌𝑓 + 𝑉𝑚𝜌𝑚 (2.2) 

After evaluating the composite, the fiber weight fraction (Wf) is evaluated with the use of the 

equation below:  

 𝑊𝑓 =
𝑉𝑓𝜌𝑓

𝜌𝑐
  (2.3) 

In like manner, the matrix weight fraction (Wm) is further evaluated. Usually, the fiber dimension 

and amount of plies needed for the composite panel are first identified. This helps to calculate the 

fiber volumes with the use of a cube equation volume or using the equation (2.4) 

 𝑉𝑜𝑙𝑢𝑚𝑒 = 𝐿𝑒𝑛𝑔𝑡ℎ ⋅ 𝑊𝑖𝑑𝑡ℎ ⋅ (𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 ⋅ 𝑁𝑜. 𝑜𝑓 𝑃𝑙𝑖𝑒𝑠)  (2.4) 

Once the fiber’s total volume is known, the fiber weight for the composite panel is then evaluated 

with the use of the fiber density (ρf). The use of the fiber weight and the fiber weight fraction is 

considered for the calculation of the composite total weight with the use of the equation (2.5):  

 𝑇𝑜𝑡𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡 = 𝑇𝑜𝑡𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑖𝑏𝑒𝑟  ⋅  𝑊𝑓 (2.5) 

With the use of the composite panel weight, the matrix weight (epoxy) needed is then evaluated. 

The importance of this calculation method is to keep the Kevlar composite panel for the fiber-

matrix ratio at 74-26 [53].  
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2.5  Impact Test  

 A specimen impact test is the exact place a load is applied on the specimen when at a high 

speed as well as the response of the measured specimen. Impact test can be carried out using three 

methods: the Izod Impact Test, Drop Test, and Charpy Impact Test. The major function of this test 

is to use the impactor to create a crack and then additional energy is needed for the expansion of 

the crack to fail. The Izod and even the Charpy impacts tests are considered the pendulum type 

test, in which the impact attempts to hit the specimen and the energy absorbed is used to record 

the specimen response. With this type of test, the toughness of the material can be easily identified, 

just as the drop test is considered a falling weight test that majorly declares the impact energy to 

the specimen failure, with a fail or pass result [54-55-56].  

2.5.1 Drop Tower Test  

 There are various purposes to carry out drop-testing: first, for the design of an impact-

tolerant product; to copy the potential abuse that can happen when production, shipping, and 

installation occurs; and for fast life testing [57]. A drop test tower can be used to analyze a free 

fall on a particular test specimen. Guides or rails are used to drop the weight in a vertical direction 

to ensure the test specimen is impacted. The load is then considered a dynamic load on the 

specimen, which implies that the load is eliminated within milliseconds. The drop weight impact 

testing is around the actual conditions compared to the Charpy impact test, with additional 

information that are collected to have an understanding of the laminate’s response. Thus, this 

research study considers a drop weight testing method as the most preferred method to carryout 

low velocity. 
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CHAPTER 3 

METHODOLOGY 

3.1 Materials  

3.2 Methodology 

During this study, a new method for evaluating helmet design and its stability to withstand 

during a crash scenario is developed. Also, in the close impact or crash event, the major aspects 

considered for a stable helmet design is its material involved and strength factors to control the 

crash impact and potential survival of the occupant. Several studies have been carried out to reduce 

the crucial injuries and create the stable or enhanced helmet design with its corresponding materials 

involved. Hybrid composite material development around the globe gives a challenging 

opportunity to bring the design of helmet with improved properties and to achieve high stability 

performance to control the impact event. The helmet is used from a commercial company AGV 

and modified to composite nature as per the FMVSS218 regulation standards. 

The geometry of the helmet is obtained from technical data/report from the manufacturer. 

The technical data for the design of helmet is obtained through CAD software package i.e., 

SOLIDWORKS R17. With necessary design modification, the obtained CAD 3D file is modified 

to perform FE analysis with static loading condition along with FE human brain models coupled 

with helmet to estimate the injury behavior. Typical methodology involved in this study is 

characterized in three phases as is shown in Figure 3.1 
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Figure 3.1. Typical methodology involved in this study is characterized in three phases. 

In Phase I: Performing the crash dynamic/drop test of the newly developed Hybrid 

composite helmet model at different angle along with free fall speed criteria is examined. Also, 

fabricated mold for new hybrid composite materials were used at different concentrations of 

nanomaterials. Validating the test results from the simulation test will close comparison between 

the testing parameters. Several tests such as drop tower test, C Scan, helmet structural damage 

analysis etc. were carried out at National Institute Aviation Research (NIAR) composites 

laboratory. 

In Phase II: Design of the model and performing the static analysis of the composite helmet 

on LS-DYNA workbench with necessary composite development to the model. Evaluating the FE 

static results from the testing conditions as per standards to correlate the results with available 

testing data. Attachment to the helmet like inner paddle, EBS foam material, chin bar etc. are 

design molded as per manufacturer standard requirements in order to correlate according to 

FMVSS 218. 
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In Phase III: Using FE human head model along with brain component is used to perform 

the crash dynamic analysis on LS-DYNA workbench of newly developed hybrid composite 

helmet. The THUMS Hybrid III model is precisely detailed in FE platform with all the necessary 

head parts of a human. The variation of dynamic crash results will give suitable injury behavior 

sustained by the occupant during the crash event. Affected head injuries during the impact analysis 

on FE workbench are examined and lastly, suitable design is observed for reducing the HIC and 

brain injuries and fatalities. 

3.3  Fabrication of Prototype Mold and Helmet. 

 In this process AGV X3000 was used as framework to fabricate the mold as seen in Figure 

3.2. First, release wax agent was applied on the surface of the AGV X3000 helmet to facile the 

removal of the mold. Then, PVA was coated three times till completely dried to smoothen the 

surface of the mold. Next, gelcoat was mixed with catalyst to harden the applied layer to duplicate 

the shape of the helmet. Chopped fiberglass was layered on gelcoat with resin and epoxy three 

times to increase the thickness of the mold. The last layer was fiberglass fabric that covered the 

mold and kept the surface smooth. 

  
a) b) 

Figure 3.2. Fiberglass mold using agv x3000 as framework (a) the mold process of, (b) the 

complete mold. 

Figure 3.3 illustrates the layers used to fabricate the helmet including 1) the mold, 2) the 

Kevlar® K29/ Carbon Fiber fabrics, 3) Peel Ply to provide an easy release barrier between laminate 
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surface and the breather, 4) perforated release film to prevent epoxy sucked out by vacuum pump, 

5) breather layer to trap and hold the excess epoxy from the laminate, 6) sealant shown in figure 

3.2 b) to tight the vacuum bag and applied the vacuum pressure over the entire laminate.  

 

 

(a) Layers to fabricate the prototype helmet, (b) the process to apply vacuum pressure. 

 

Figure 3.3 Schematic process of fabricating helmet. 

 

Figure 3.4 shows the final prototypes of Kevlar® K29, and Carbon Fiber helmets 

 

 

 

 

 

 

 

Figure 3.4. Final prototypes of Kevlar® K29, and Carbon Fiber helmets. 

 
 

 

a)  b)  
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3.4 Finite Element Method 

3.4.1 LS-DYNA 

LS-DYNA is a highly advanced general-purpose nonlinear finite element program that can 

simulate complex real-world problems. The distributed and shared memory solver provides short 

turnaround times on desktop computers and clusters operated using Linux, Windows, and UNIX. 

With LS-DYNA, Livermore Software Technology Corporation (LSTC) aims to provide methods 

to seamlessly solve problems required [74]. It is used by the automobile, aerospace, construction, 

military, manufacturing, and bioengineering industries. LS-DYNA is optimized for shared and 

distributed memory, and it is fully quantified by LSTC. The code's origins lie in highly nonlinear, 

transient dynamic finite element analysis using explicit time integration. "Nonlinear" means at 

least one (and sometimes all) of the following complications: changing boundary conditions (such 

as contact between parts that changes over time) and large deformations (for example, the 

crumpling of sheet metal parts). Nonlinear materials that do not exhibit ideally elastic behavior 

(for example, thermoplastic polymers) "transient dynamic" means analyzing high speed, short-

duration events where inertial forces are essential. Typical uses include Automotive crash 

(deformation of chassis, airbag inflation, seatbelt tensioning), Explosions (underwater Naval mine, 

shaped charges), Manufacturing (sheet metal stamping), so LS-DYNA's potential applications are 

numerous and can be tailored to many fields. In each simulation, any of LS-DYNA's many features 

can be combined to model a wide range of physical events.  

LS-DYNA consists of a single executable file and is entirely command-line driven. 

Therefore, all that is required to run LS-DYNA is a command shell, the executable, an input file, 

and enough free disk space to run the calculation. All input files are in simple ASCII format and 

thus can be prepared using any text editor. Input files can also be prepared with the aid of a 

graphical preprocessor. 



42 

CHAPTER 4  

IMPACT ANALYSIS OF HYBRID COMPOSITES ON MOTORCYCLE HELMET 

4.1 Background 

Low-velocity impact on a composite laminate panel can damage it, thereby reducing the 

panel’s structural integrity and proving to be dangerous for use in various industrial applications. 

The addition of nanomaterials for a composite panel as reinforcement for various applications has 

been widely studied. Nanomaterials have high surface area and particular mechanical properties 

that could enhance the physical properties of a composite panel [58-60]. Aramid fibers, discovered 

in the 1960s for advanced composites, were commercially made available in the 1970s by DuPont 

under the brand name Kevlar®. This fiber is known for its high degree of toughness, which resists 

impact and provides good ballistic performance. However, Kevlar® fiber has poor interfacial 

adhesion with a matrix, due to its low surface energy and chemically inert surface [61].  

There are several advantages of using Kevlar® and carbon fiber, some of which are the 

following: (1) the tensile strength of the fiber is stronger than that of steel wire; (2) the fiber can 

handle heat and withstand high temperatures; (3) it can burn but can be easily extinguished by 

removing the heat source; and (4) it is capable of remaining soft and pliable down to –320ºF and 

is even stronger at lower temperatures. Some of the disadvantages of using Kevlar® and carbon 

fiber are as follows: (1) long exposure to ultraviolet light will cause discoloration and degradation 

in its fibers; and (2) certain chemicals on the fibers can weaken it [62-63]. Figures 4.1(a) and 4.1(b) 

display the Kevlar® K29 weave and carbon fiber, respectively, which were used in the present 

study [64-65].  
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(a)    (b)    (c) 

 

Figure 4.1 Sample materials: (a) Kevlar® K29 (source: fiberglast.com), (b) carbon fiber  

(source: fiberglast.com), and (c) nanosize clay used in present study. 

 

The addition of nanomaterials can improve the physical properties of a composite panel, 

but this improvement depends on the amount utilized. In this experiment, Cloisite® 30B, a plastic 

nanoclay (NC) additive, was used. Cloisite® 30B, also known as alkyl quaternary ammonium salt 

bentonite, is organically modified at nanometer scale and is chemically layered as magnesium 

aluminum silicate platelets. The nanoclay Al2O34SiO2H2O is an additive for plastics and rubber, 

and is used to improve various physical properties, such as reinforcement, coefficient of linear 

thermal expansion (CLTE), synergistic flame retardant, and gas barrier. These additives have been 

proven to reinforce thermoplastics by enhancing flexural and tensile modulus while lowering the 

CLTE. They have also been proven to be effective at improving the gas barrier properties of a 

thermoplastic system [66-67]. Figure 4.1(c) depicts the plate-like structure of nanoclay.  

A study conducted by Reis et al, concluded that higher the nanoclay content better the 

performance in terms of elastic recuperation and penetration threshold, but they found the opposite 

in the case for the displacement at peak load [68-69]. Ries et al. studied the nanoclay inclusions 

for up to 6wt% and tested at three (3) different impact energy levels, 6J, 12J and 21J [68]. The 

additives made considerable difference on the impact energies. In this study, we experiment with 

nano-inclusions up to 10wt% for nanoclay and the panels were tested at 50J impact energy. The 
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impact strength and the properties were compared between the different nano-inclusions. The 

damaged areas after the impact tests were determined using the NDI methods.  

4.2 Materials and Methods 

4.2.1  Materials 

Kevlar® K29 fiber was purchased from Armo Co., Carbon Fiber was provided by NIAR 

and the Bell Motorcycle helmets Co., sample helmet was purchased from Amisano Gino Valenza 

(AGV), 105A Epoxy Resin, and 206A Slow Epoxy Hardener were purchased from West system®. 

Cloisite® 30B Nano clay was provided by Southern Clay Products. The rest of the materials and 

equipment were available in our facilities. 

4.2.2  Methods 

The impact resistance of the Kevlar/Carbon fiber-epoxy laminate were tested using the 

ASTM D7136/D7136M, which is known as “Standard Test Method for Measuring the Damage 

Resistance of a Fiber-Reinforced Polymer Matrix Composite to a Drop-Weight Impact Event” [9]. 

An Instron® Dynatup 8250 Drop Test tower was used to conduct the tests. According to this 

ASTM standard, the coupons fabricated are of dimensions 6.0” x 4.0”. For a 5-ply weave laminate 

of stacking sequence [0]5, the minimum thickness of the cured ply should be 0.01” and a maximum 

of 0.014. The final cured 5-ply laminate had an average thickness of 0.165”. Figure 4.2 a) displays 

the coupon dimension of the composite plane. 



45 

 
a) 

 
b) 

a) Schematic view of the coupon and dimensions, and b) the nanoclay dispersed into West 

system® 105A Epoxy Resin. 

Figure 4.2 ASTM D7136/D7136M and the nanoclay process. 

 

The Kevlar/Carbon Fiber composite coupons were fabricated by the conventional wet-

layup method. The fiber-matrix volume ratio was set at 74-26. Using the fiber weight ratio 

equation, we determined the approximate weight of the epoxy required. The dispersion of the 

nanomaterial into the resin was performed using a high-speed agitation (over 1500 rpm). Figure 

4.2 b) shows the resin with the nanoclay dispersion after the high-speed agitation. In the present 

study, a total of 6 sets were fabricated from Kevlar® K29, and Carbon Fiber as outlined below in 

Table 4.1.  

TABLE 4.1  

VARIOUS TEST SETS FABRICATED IN THESE STUDIES 

Set No. Test Coupon 

1 Baseline -only resin (no nanoscale inclusions) 

2 5 wt% nanoclay in the resin 

3 10 wt% nanoclay in the resin 

 

4.3.2.1 Impact Testing 

Each sample was tested on the Instron® Dynatup 8250 Drop Test tower. Figure 4.3 shows 

the setup of the drop test and a clamped Kevlar/Carbon fiber composite sample. This drop test 

tower is equipped with a drop-weight impactor, which weighs 13.38 lbs., along with a rebound 
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catcher and a guide mechanism [70-71]. The diameter of the indenter (impactor) is 0.625”. Using 

the thickness of the laminate as a reference, along with the initial height and weight of the impactor, 

the calculated impacted energy was found to be 50 J (443 in-lbf). Although the test could have 

been conducted for various other impact energy values, such as 32J, 27J, and 18J we held every 

experimental factor constant, expect for the variation of nanoscale inclusions in the resin. Hence, 

we can compare the test data based on the nanomaterials and for the respective weight percentage 

of the nanomaterials in the resin. 

 

a) 

 

b) 

Figure 4.3. An impact test on a) the Kevlar composite panel using b) the Carbon Fiber composite 

panel using. 

4.3.2.2 C-Scans  

C-scans of each sample were taken before and after the impact tests. The c-scan mainly 

provides two factors, including;  

1) The level of porosity in the specimen, and  

2) The damage area that can be analyzed using the image after the impact effects.  
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The initial depths of the impacted zones were also measured to determine amount of dents 

formed in the composites. Using a depth gauge, the depth of the damage area was recorded right 

after the impact. This depth reading of each sample represents the displacement or recuperation of 

the specimens after the impacts. 

4.4 Results and Discussion 

4.4.1 Impact Analysis 

The Kevlar and Carbon Fiber composite panels that were fabricated using various 

concentrations of Nanoclay in the epoxy resin were tested using a low-velocity drop test tower. 

The ASTM D7136 test procedures were applied during the experimental tests. A considerable 

amount of data was acquired to provide evidence and make the necessary observations on the 

impact resistance behavior of the Kevlar and Carbon Fiber composite panels. Figure 4.4 displays 

the time plots of nanoclay loaded Kevlar k29 composite panels. The force vs. time plot shows the 

impact load applied on the panels with respect to time, from 0 to 0.01 ms. nanoclay panel was the 

highest (about 1774.4 lbf), followed by the 5 wt% NC panel (1653.83 lbf). The baseline panel—

i.e., the panel without nano-inclusions took a maximum load of 1226.29 lbf. The 10 wt% NC and 

5 wt% NC panels are shown significant difference in impact strength to be more brittle than the 

baseline. Figure 4.5 displays the force vs. time plot for the Nanoclay Loaded in Carbon Fiber 

Composite Panels.  
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Figure 4.4. Force Vs. Time Plots of Nanoclay Loaded in Kevlar® K29 Composite Panels. 

 
 

Figure 4.5. Force vs. Time Plots of Nanoclay loaded in Carbon Fiber Composite Panels. 

 

Panels were 1143 lbf and 1205 lbf, respectively. The baseline panel—i.e., the panel without 

nano-inclusions took a maximum loaf of 1047 lbf. This indicates that the Nanoclay inclusion in 

the Carbon fiber panels made no significant effect on the impact response of the panel. Composite 
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panels. From Table 4.2, we can clearly see that the addition of nanomaterials has indeed increased 

the impact strength of the panel through-the-thickness. The Kevlar nanoclay panels show that the 

nanoclay content in the panel and the load values are proportional to each other. On the other hand, 

the Carbon fiber with nanoclay panels show no significant increase in load when compared to 

Kevlar ® nanoclay panels. 

Figure 4.6. Force vs. Displacement plot of nanoclay loaded in Kevlar® k29 composite panels. 

TABLE 4.2  

 LOAD (LBF) PERCENTAGE DIFFERENCE WITH RESPECT TO THE KEVLAR® PANEL 

Nanoclay 

(wt %) 

Percent 

Difference 

0  0 

5  26 

10  31 

 

In Figure 4.6 we can relate the maximum load that each test panel has attained to the 

displacement of the test panel in the load direction. The baseline panel displaced to 0.40 inches, 
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which is the highest of all the test panels. In the set of the nanoclay panels, the 0 wt%, 5 wt% and 

10 wt% test panel displaced to 0.396 in. at 1055 lbf, 0.344 in. at 1429 lbf, and 0.352 in. at 1760 

lbf, respectively.  

Figure 4.7. Force vs. Displacement plot of nanoclay loaded in Kevlar® k29 composite panels. 

In Figure 4.7 we can relate the maximum load that each test panel has attained to the 

displacement of the test panel in the load direction. The baseline panel displaced to 0.27 inches, 

which is the highest of all the test panels. In the set of the nanoclay panels, the 0 wt%, 5 wt% and 

10 wt% test panel displaced to 0.25 in. at 710 lbf, 0.22 in. at 1011 lbf, and 0.23 in. at 1164 lbf, 

respectively.  

 

Figure 4.8. Force vs. Displacement plot of nanoclay loaded in carbon fiber composite panels. 

 

Therefore, from Figures 4.4, 4.5, 4.6, and 4.7, we may conclude that the 10 wt% Nano clay 

test panels are not brittle, but due to the high surface area and finer particles sizes of the nanoclay, 

the nanoparticles must be tightly packed and the density of the nanomaterial at the impact zone 
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may be highly filled compared to the other test panels. From Figures 4.4, and 4.5, we can also 

determine the recuperation, in terms of displacement, of the test panel. When the load is removed 

off the test panel, the displacement of the test panels didn’t return to zero. Nevertheless, due to the 

elastic deformation, the impact zone had a permanent damage and dent, and the resistance to 

penetration dependent on this elasticity. Table 4.3 provides the list of the test panels and the 

recuperated displacement at different loads of nanoscale inclusions. 

 

TABLE 4.3  

 

THE RECUPERATION OF THE VARIOUS KEVLAR® AND CARBON FIBER TEST 

PANELS AFTER IMPACT 

 

Test Panels 

Recuperation 

(in) 

Percent of 

Differences (%) 

Kevlar® 

K29 

Carbon 

Fiber 

Kevlar® 

K29 

Carbon 

Fiber 

Baseline 0.126 0.143 0.0 0.0 

NANOCLAY 
5% 0.099 0.102 15.3 12.3 

10% 0.081 0.980 18.7 13.1 

 

 As is shown in Figure 4.8, the energy absorbed by the nanoclay test panels increases with 

increasing the nanomaterial content; this phenomenon observed is evident to suggest that the 

nanoclay in 10wt% nanoclay and 5wt% nanoclay test panels are tightly packed [72], since 

nanoclay is functionalized, very fine, and also has a high surface area. The percentage difference 

in absorbed energy between both test panels is 12 to 34%, which is found to be significant. This 

observation corresponds to the trend of other parameters mentioned above, such as the impact load 

and recuperation of the panels [18, 27, and 50]. As determined earlier, the penetration of the 10 
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wt% nanoclay test panel was the least, followed by the 5 wt% nanoclay test panel. The data in 

Table 4.3 adds to this same deduction, so the penetration was the lowest for the 10wt% nanoclay 

in Kevlar® K29, and Carbon Fibers panels, also this test panels recuperated the most. Such 

property can enhance a rigid body that is used for a personal protection or for motorcycle helmets. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9. D-plot of absorbed energy vs. nanomaterial concentrations in Kevlar® K29 and K49 

at 50 J (443 lbf/in) impact energy. 

 

These results, from impact analysis, compare with the results obtained by Ries et al and 

Thiagarajan et al in their respective research studies on low-velocity impact of nanomaterial filled 

composite panels. As concluded by Thiagarajan et al., the impact properties of the test specimen 

were enhanced with the addition of nanoclay, as well as the surface crack propagation was 

controlled. The same was found in the impact test of the Kevlar®/epoxy-filled composite panels 

with nanoclay. Ries et al., had concluded their study with a similar conclusion. They noted that the 

addition of fillers in the polymer increased the impact load and controlled the damage area. [73] 

4.4.2 Damage Analysis  

Figure 4.9 indicates the c-scans for the composite test panels before the impact tests. Figure 

4.10 shows the c-scans for the composite test panels after the impact tests. The dark black spot at 

the center of each image relates to the damaged or impacted zone. The damage areas of the test 
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panels were determined using software. Table 4.4 shows the damaged area, which was acquired 

off the C-scan imaging and the dent depth, which was measured using a depth gauge instantly after 

the impact tests. As mentioned earlier, the 10 wt% nanoclay test panel had the least penetration 

followed by the 5 wt% nanoclay in both composite panels.  

 

Figure 4.10. C-scan test results of composite panels before impact: (A) 10 wt% NC. carbon fiber 

B) 10 wt% NC.in Kevlar® K29 the epoxy. 

 

  

  

Figure 4.11. The C-Scan test results of the composite panels after impact: A) 5 wt% NC. carbon 

fiber, B) 10 wt% NC. carbon fiber, C) 5 wt% NC Kevlar® K29, and D) 10 wt% NC in Kevlar® 

K29 the epoxy. 

A

 

B 

C D 
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TABLE 4.4  

 DAMAGE AREA AND DENT DEPTH OF THE IMPACTED TEST PANELS 

 

 

 

 

 

 

 

 

A similar observation is made with regards to the damage area and dent depth. This 

phenomenon can be attributed to the tightly packed functionalized nanoclay in these two test 

panels. Whereas the damage area for the base line nanoclay test panel is found to be the highest, 

which might be caused by the weak bonding between the resin and fiber at the damaged area. The 

decrease in damage area and dent depth for the nanoclay test panels corresponds to the absorbed 

energy data as shown in Figure 4.8—i.e., the absorbed energy is inversely proportional to the 

damage area for the respective nanomaterial. Hence, the amount of nanoclay content in the test 

panels affects the mechanical properties of the Kevlar® K29, and Carbon Fiber composite panels 

under impact loading. Also, comparing to the baseline test panel, both Kevlar® K29 and Carbon 

Fiber test panels do not indicate any significant difference in damage area and dent depth. This 

insignificance may be caused by the agglomerations, porosity formations and other defects in the 

composite panels.  

Test Panels 

Damage Area (in2) Dent Depth (in) 

Kevlar® 

K29 

Carbon 

Fiber 
Kevlar® K29 

Carbon 

Fiber 

Baseline 1.143 1.281 0.050 0.068 

Nanoclay 

5% 1.024 1.130 0.039 0.053 

10% 0.998 1.012 0.031 0.048 



55 

4.4.3  Weight Analysis of Motorcycle Helmet 

 Hybrid composite system significantly reduce the weight of the prototype motorcycle 

helmet by 43% of using Kevlar® K29, and 37% of using Carbon Fiber. Certain studies have shown 

that helmets can increase the mass of the head consequently increase the risk of neck pain due to 

the long term use. Therefore, weight reduction of the helmet can possibly prevent the neck pain, 

and increase durability during the crashing encounter. Moreover, Kevlar® K29 has various effect 

on the design parameters such as Reduce the risk of brain Stability and Fit, and Comfort to achieve 

FMVSS 218 requirements. Table 4.5 illustrates the differences on comparing weight of prototype 

helmets which are Kevlar® K29 and Carbon fiber to Commercial helmet (AGV X3000). Figure 

4.11 shows the weight of hybrid composite helmets. 

TABLE 4.5  

 

WEIGHT COMPARISON OF HYBRID COMPOSITE MATERIALS TO AGV X3000 

 

 

 

 

 

 

 

(a)                                (b)  

Figure 4.12. Weight of hybrid composite helmets (a) Kevlar® K29 And (b) carbon fiber 

Helmet Type Kevlar® K29 Carbon Fiber AGV X3000 

Weight (lbs.) 1.60 1.80 2.87 
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4.5  Conclusions 

A total of 6 samples 4”x6” Kevlar®K29-Carbon Fiber/epoxy composite panels filled with 

nanoclay were fabricated, where 6 sets of the panels were tested using ASTM D7136 (Impact 

Testing for Composites). Test data was quantitatively analyzed to create a comparison pattern 

among the baseline samples and nanoclay samples. The damaged composite panels were c-scanned 

to have 2 dimensional visualizations for the damage analysis. The damage analysis demonstrated 

that the 10 wt. % NC and 5 wt. % NC samples were damaged the least compared to the other 

composite panels. The damage among Carbon Fiber composite panels had no significant 

difference. On the other hand, nanoclay inclusion was found to be superior in terms of elasticity, 

impact load, and recuperation. The test panel with 10% nanoclay-filled epoxy composite panel 

responded with the highest impact load (25% more than baseline), and recuperated the most as 

well (22% more than baseline). In terms of absorbed energy, the 10 wt. % Kevlar® K29 NC 

composite panel absorbed the most impact energy at 50J. Continuous research is required on the 

functionalized nanoclay in different resin systems, and the properties of composite panels under 

different impact energies should be determined and documented. 
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CHAPTER 5  

CRASHWORTHINESS NUMERICAL AND EXPERIMENTAL ANALYSES ON THUMS 

50th HEADFORM MODEL 

 

5.1 Background 

In order to ameliorate the motorcycle helmet safety during an impact with a flat and 

hemispherical surface, subsystem tests have been defined to evaluate the aggressiveness of the 

surfaces during high speed. These subsystems tests have to be reproducible and are representative 

of the three decomposed impacts of the motorcycle helmet with any surfaces: crown surface of the 

helmet, side surface of the helmet, and liner of the EPS shell. In the United States, FMVSS 218 

tests are evaluated in order to defend occupants / consumers. Three subsystem tests were 

reproduced to represent as shock absorption, penetration, and chin bar. Test protocols are based 

on a specific impact configuration which corresponds to the standard one, with about 6 m/s impact 

velocity for the flat surface, and about 5.2 m/s impact velocity for the hemispherical surface. The 

velocity, and weighted mass of the adult headform provided by the type of the dummy (AM 50th-

THUMS) and its impact area are invariable conditions. 

In sequence to simulate the interfaces between the headform and the liner and also the 

interactions between the anvil and the helmet's hybrid composite system shell, a surface‐to‐surface 

type of contact with a friction coefficient of 0.4 was used. The same type of contact but with a 

higher friction coefficient of 0.5 was used to model the interaction between the shell and the liner. 

According to the Federal Motor Vehicle Safety Standards (FMVSS 218), the helmet‐headform 

system is hit by the impactor, without any restriction, against a flat anvil with a velocity of 6.2 m/s. 

The flat impactor is rigid with an initial velocity of 6.2 m/s and mass of 6.2 kg as FMVSS 218 

regulations. The simulated impacts were always against flat anvils only, which is sufficient for a 
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first case of the validation. The flat anvil was motionless, and an impact velocity of 6.2 m/s was 

determined for the model. Figure 5.1 shows the impact configurations according to the FMVSS 

218 standard. The explicit (dynamic) solver of ANSYS, and LS-Dyna were used to simulate the 

impacts with durations of 15ms or 36ms, with the maximum deformation option activated. 

 

 

 

5.2 Methodology 

In this study, helmet impact analyses with head-neck (AM 50th-THUMS) was carried in 

the finite element (FE) LS-DYNA workbench to explore the head injury parameters in a 

motorcycle rider. The modelling and simulations are investigated in the LS-DYNA, and ANSYS 

workbench. Also, the experimental results of these helmet prototypes were provided by Nebraska 

Nanoscale Facility, Institute of Transportation Infrastructure at University Teknologi Petronas 

(UTP) in Malaysia, and The Crash Dynamics lab at (NIAR) for the comparison and evaluation of 

the LS-DYNA and ANSYS models. 

 
 

a. Side impact  b. Drop impact 

Figure 5.1. Impact configurations according to the FMVSS 218 standard. 
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5.3 Results and Discussions  

5.3.1 Development and Mechanical Impact Analysis of Motorcycle Helmet  

In the present work, impact was applied to the motorcycle helmet by using SolidWorks® 

software for designing, and it was imported in ANSYS and LS-DYNA software to perform 

modeling and simulation analysis. Analysis was performed using three hybrid composite 

systems—Kevlar® K29, carbon fiber aerospace grade, and polycarbonate (PC)—with different 

concentrations of inclusions to improve the outer-shell durability of the motorcycle helmet, and 

also with different thicknesses of the liner inner padding of EPS foam to improve the energy shock 

absorption of each helmet prototype. Dimensions for manufacturing the helmets were provided by 

the Italian motorcycle helmet manufacturer Amisano Gino Valenza (AGV). The shell portion of 

the helmet was taken into consideration during analysis because it is the part exposed to the 

environment. Estimated results were determined by using the analyzing software. For designing a 

helmet model with an outer shell and liner as shown in Figure 5.2, the standard designing 

parameters were followed. 



60 

 
(a) Outer Shell Dimensions  

Figure 5.2. Standard dimension parameters: (a) outer shell, and (b) liner EPS. 
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(b) Liner EPS Dimensions 

 

Figure 5.2 (continued) 
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5.3.2  Strength Analysis of Motorcycle Helmet Prototypes. 

In order to illustrate how the results can change by various factors the displacement curve 

and the load were applied for the Polycarbonate/ EPS, Carbon fiber/EPS, and Kevlar/EPS helmets. 

Figure 5.3 shows the majority of the energy for Polycarbonate /EPS helmet is absorbed by EPS 

foam which is 31.6 J as averse to only 11 J energy absorbed by the Polycarbonate shell. 

 
 

Figure 5.3. Load vs. displacement curve and respective energy contours for foam and shell for 

PC/EPS configuration. 

 

 Figure 5.4 displays the majority of the energy for carbon fiber /EPS helmet absorbed by 

Carbon fiber shell which is 23 J as opposed to 9.2 J energy absorbed by the EPS foam. In this case, 

it is explained that the carbon fiber helmet shell absorbed the majority of the energy during the 

crash event. The hybrid composite system of carbon fiber is increasing the energy absorption by 

28%. Figure 5.5 demonstrates the majority of the energy for Kevlar® K29/EPS helmet that is 

absorbed by Kevlar® K29 shell which is 36.1 J as opposed to 9.8 J energy absorbed by the EPS 

foam. The Kevlar® K29 enhanced the outer shell durability comparing with Polycarbonate, and 
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Carbon fiber outer shell by 40%, and 18%, respectively. These experimental studies were provided 

via institute of infrastructure transportation UTP under the FMVSS test regulations, and the 

samples were made at Wichita State University’s labs. 

 

Figure 5.4. Load vs. displacement curve and respective energy contours for foam and shell for 

CFRP/EPS configuration 

 

 

Figure 5.5. Load vs. displacement curve and respective energy contours for foam and shell for 

Kevlar k29 /EPS configuration. 
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5.3.3  Inner Padding Configuration and Crashworthiness Analysis  

To reduce HIC value, and increase the foam density, some thickness is necessary to modify 

the LS-DYNA3D finite element keywords file to show the effects by using various factors. Also, 

because Kevlar® K29 shell has better stiffness than carbon fiber shell as shown in Figure 4.6, and 

4.7., Kevlar® K29 weight is lighter than CFRP. Therefore, Kevlar® K29 is preferred to be our 

motorcycle helmet shell material that we can have more flexible design choice for foam material. 

As thickness of the shell increases, critical load increases. Thus, thicker shell provides better 

protection for the motorcycle users. Based on the selection of shell density and the limitation of 

helmet total mass by FMVSS 218, the thickness of helmet range is from 4.0 mm to 4.2 mm. 

regarding to this experiment the foam density is 68 kg/m3 and total helmet weight of foam and 

shell mass are designed to be less than 1 kg. The numerical analysis for 31 mm thickness foam 

shows that the head peak acceleration is decreasing during the foam thickness increase. As the 

limitation of Federal motor vehicle safety standard, the head peak acceleration is below 400 G. 

Figure 5.6 a) shows the drop impact happening at 6.2 m/s. The foam shows that there is no damage, 

and it can reduce the head acceleration by increasing the thickness of the foam. As shown in Figure 

5.6 b) with limitation of 269.1 G at 31mm (See Appendix for more detail).  
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Table 5.1 illustrates the mechanical properties for the EPS foam that were used in this 

numerical analysis to observe the optimal thickness and reduce the critical load of the helmet.  

TABLE 5.1  

FOAM MECHANICAL PROPERTIES OF DIFFERENT DENSITIES 

Foam Type EPS (68) EPS (54) EPS (60) EPS (50) 

Density (kg/m3) 68 54 60 50 

Yield Stress (MN/m2) 1.08 0.70 0.65 0.35 

 

Because of the total helmet, the outer shell occupied approximately 80% of total helmet 

mass, in order to keep the helmet’s weight below 1 kg.  Kevlar® K29 helmet shell density is 1440 

kg/m3 and thickness is 4.2mm as shown in Figure 5.6b. About68 kg/m3 density is given into LS-

DYNA3D finite element to analysis the bond between helmet total mass and head acceleration as 

shown in Figure 5.7. Conspicuously, at the same time when the helmet total mass is below the 

critical load which is 1kg, the head acceleration decreases. The total mass of the Kevlar® K29 

helmet is 0.725748 kg, and CFRP is 0.816466 kg, these various factors provide a better protection 

and total mass of Kevlar® K29 and CFRP is still lighter than the criterion of 1 kg. 

 
 

(a) Headform of 31mm EPS thickness  (b) Head peak acceleration vs. foam thickness  

Figure 5.6. Post simulation for HIII AM 50th-THUMS head with EPS foam thickness 31 mm 
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Figure 5.7. The bond between helmet total mass and head acceleration. 

 

Figure 5.8 illustrates the head acceleration post simulation with the drop impactor speed of 

6.2 m/s, and weight of 6.2 kg, and the thickness of 26 mm of EPS Foam for 454.2 G. the value 

was exceeding the Department of Transportation regulations.  

 
Figure 5.8. Post simulation of 26mm EPS foam thickness. 
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 In case of the EPS foam with 31 mm thickness, Figure 5.9 shows the head acceleration post 

simulation with the drop impactor speed of 6.2 m/s, and weight of 6.2 kg, and the thickness of 31 

mm of EPS Foam at 269.1G. This value is considered as a safe limit. The numerical results will 

be provided from Crash Dynamic lab at NIAR to validate this design, and values. 

 
Figure 5.9. Post simulation of 31 mm EPS foam thickness. 

 

5.3.4 Penetration Test Analysis  

In terms of penetration testing, the federal motor vehicle safety standard set as a conical 

impactor shape, where the speed of the impact is 7.67 m/s or free fall, and the weight of the conical 

impactor is 2.9 kg (6.4 lb.). Height of accelerometer is 3m (± 0.015) used in the ANSYS FEM to 

get high accurate results for Kevlar K29 shell, and Carbon Fiber Shell. Figure 5.10 shows the 

section view of Kevlar® K29 shell penetration test. The conical impactor did not shatter the crown 

area of the Kevlar® K29 helmet. 
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Table 5.2 explains that the total deformation on Kevlar® K29 helmet shell close to 2.5 mm, 

and it did not damage the shell surface as can be seen in Figure 5.11 (a). The federal motor vehicle 

safety standard is requiring that the peak force below than 3780 N within 0.5 ms. Also, to insure 

the conical impactor will not make a surface contact with the headform and the inner padding as 

shown in Figure 5.11 (b).  

TABLE 5.2  

PENETRATION TEST NUMERICAL RESULTS FOR Kevlar® K29 

Results Minimum Numerical Experimental Units Times (ms) 

Deformation 0 2.50 2.70 mm 0.5 

Peak Force  0 1287 1356 N 0.5 

 

 

Figure 5.10. Penetration test post simulation for K29. 



69 

  

 
(a) Deformation in Kevlar® K29 shell. (b) EPS foam  

Figure 5.11. The penetration test experimentally. 

 

Figure 5.12 shows the section view of carbon fiber shell penetration test. The conical 

impactor did not shatter the crown area of the carbon fiber shell. Table 5.2 explains that the total 

deformation on carbon fiber helmet shell approximate 3.24 mm, and the peak force is 1698 N. 

Also, it did not damage the shell surface.  

 

 Figure 5.12. Penetration test post simulation for carbon fiber. 
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TABLE 5.3  

PENETRATION TEST NUMERICAL RESULTS FOR CARBON FIBER 

Results Minimum Numerical Experimental Units Times (ms) 

Deformation 0 3.24 4.72 mm 0.5 

Peak Force  0 1698 1761 N 0.5 

 

Figure 5.13 (a) illustrate the carbon fiber shell, and (b) the inner padding of the helmet 

which were not shatter or damaged much during the penetration test. These experimental studies 

were provided by Institute of Transportation Infrastructure at University Teknologi Petronas 

(UTP).  

  
(a) Deformation in CFRP shell (b) EPS foam 

 

Figure 5.13. Penetration test experimentally.  

 

5.3.5  Headform Impacts 

5.3.5.1  Head Injury Criteria Characteristics 

Based on ASTM-F1292-04, the time interval for evaluation of an impact performance is 

restricted to the maximum head injury impact of 36 ms, and HIC ≤1000 is known as a critical 

value for avoiding fatal injuries to the human head. This implies is very high head acceleration, it 

is tolerable for a short period of time. The probabilities of brain injury at different HIC scores are 
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documented in the ASTM-F1292-04 standardization as listed in Table 5-4. The values shown 

emphasize the importance of proper and effective protection. 

TABLE 5.4  

HEAD INJURY CRITERIA [80] 

HIC Minor Injury (%) Moderate Injury (%) Critical Injury (%) Fatal (%) 

0 0 0 0 0 

250 40 20 0 0 

500 80 40 2 0 

750 95 70 4 0 

1000 98 90 8 2 

1250 100 95 10 2 

1500 100 98 20 4 

1750 100 100 45 10 

2000 100 100 70 30 

2250 100 100 90 70 

2500 100 100 95 90 

2750 100 100 98 95 
3000 100 100 100 100 

 

The particular reason for the circumstance, Injury risk levels are statistically obtained for 

the probabilities of different types of injuries or severities for a prescribed population that are 

associated with various levels of Stimulus. The Stimulus could be forces, moments, deflections, 

velocities, accelerations, or combinations of these factors [76]. This study illustrates the effects of 

using hybrid composite systems that can lead to another level of safety for the motorcycle riders. 

Figure 5.14 shows the finite element model of AM 50th-THUMS headform for Ls-post simulations 

to define these factors velocities, accelerations, time, and HIC. 
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Figure 5.14. Finite element human model of AM 50th-THUMS 

headform. 

 

The headform characteristics of the different meshes are studied in detail. The lateral liners 

are made as shown in Table 5.4. The impact velocities were set by Department of Transportation 

for both flat and hemispherical anvils. Recent studies showed that the flat anvil has a major factor 

to analyze, simulate, and validate the motorcycle helmet passing. Figure 5.15 clarifies the 

velocities range for the flat anvil from 5.8m/s to 6.2 m/s, while hemispherical anvil from 5.0m/s 

to 5.4 m/s.  

TABLE 5.5  

 HEADFORM MASS AND PRINCIPAL INERTIAL MOMENTS [78] 

 

Mass [kg] Ixx [kg.cm2] Iyy [kg.cm2] Izz[kg.cm2] head model of elements 

4.39 370 440 300 24000 
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Figure 5.15. The velocities for flat and hemispherical anvils [79].  

 

5.4.5.2 Headform Side Impact 

 

(a) FE human Headform model. 

(b) The HIC, HIC(d), and Resultant Acceleration.    (c) Side Impact. 

 

Figure 5.16. FE headform without helmet and the flat impactor Side Impact. 

 

In order to illustrate the huge difference by using headgear equipment, the motorcycle 

helmet is one of the important equipment’s that can detracte the Head Injury during the impact on 

the real life. Figure 5.16 a) shows the side impact headform without helmet, and the flat impactor. 

The headform in this case will absorb the impact energy; otherwise, it can lead to sever injury. The 

impact velocity is 6.2 m/s. Figure 5.16 b) represents the HIC, and HIC (d) values for the side 

impact through the post simulation. The HIC value is 2804, and HIC (d) value is 2282 with the 
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duration of the impact of 0.8 ms. the maximum resultant acceleration is 539 Gs. The impact energy 

was mainly absorbed by the headform. Figure 5.16 c) clarifies that the absorbed energy is 19.5 J 

during the impact. Throughout this impact energy, the chance of severe injuries will increase.  

 
 

(a) Side Impact Headform with PC Helmet. 

 

  
 (b) HIC, HIC(d), and Resultant Acceleration. (c) Helmet Protection during Side Impact. 

Figure 5.17. Side impact headform with PC helmet. 

By developing the motorcycle helmet to meet FMVSS 218 regulations, the commercial 

helmet data was provided by AGV Co. Figure 5.17 a) shows the side impact headform with 

Polycarbonate helmet, and the flat impactor. The helmet outer shell will absorb the impact energy, 

which reduced head injury drastically. The impact velocity was 6.2 m/s. Figure 5.17 b) reveals the 

HIC, and HIC (d) values for the side impact through the post simulation. The HIC value is 270, 

while the HIC (d) value is 370.1 and the ∆t of the impact is 47 ms because ∆t factor the limitation 

value of HIC is 1000. The maximum resultant acceleration is 99 G. The impact energy was 

absorbed by the outer shell of AGV PC helmet. Figure 5.17 c) shows the absorbed energy that is 
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15.1 J during the impact. Figure 5.18 a) shows the side impact headform with CFRP helmet, and 

the flat impactor. The CFRP helmet was designed, manufactured, modelled to meet federal motor 

vehicle safety standards. 

 
a) Side Impact Headform with CFRP helmet. 

  
 

b) HIC, HIC(d), and Resultant Acceleration. c) Helmet Protection during Side Impact. 

Figure 5.18. The side impact headform with CFRP helmet and the flat impactor. 

Figure 5.18 b) shows the HIC, and HIC (d) values for the side impact through the post 

simulation. The HIC value is 252, while HIC (d) value is 356.6 and the ∆t of the impact is 39 ms. 

the ∆t factor for limitation value of HIC is 1000. The maximum resultant acceleration is 110 G. 

The improving in HIC value between AGV PC and CFRP is 6%. The impact energy was absorbed 

by the outer shell of CFRP helmet. Figure 5.24 illustrates that the absorbed energy is 10.4 J during 

the impact. The CFRP shell enhanced the durability of the helmet and improves the impact 

absorption energy by 30%. Figure 5.19 a) shows the side impact headform with Kevlar K29 
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helmet, and the flat impactor. The Kevlar K29 helmet was designed, manufactured, modelled to 

meet federal motor vehicle safety standards. 

 
a) Side impact Headform with Kevlar® K29 helmet. 

  
 

b) HIC, HIC(d), and Resultant Acceleration. c) Helmet Protection during Side Impact. 

Figure 5.19 The side impact headform with Kevlar® K29 helmet and the flat impactor 

The Kevlar® K29 presents their advantages which is lighter weight and ballistic proofed. 

Figure 5.19 b) represents the HIC, and HIC (d) values for the side impact through the post 

simulation for the Kevlar® K29. The HIC value is 245, whereas HIC (d) value is 351.6. The ∆t of 

the impact is 38 ms since the ∆t factor for the limitation value of HIC is 1000. The maximum 

resultant acceleration is 108 G. The improving in HIC value between AGV PC and Kevlar® K29 

is 10%. The impact energy was absorbed by the outer shell of CFRP helmet. Figure 5.19 c) 

illustrates that the absorbed energy is 9.96 J during the impact. The Kevlar K29 shell improved the 

toughness of the helmet. Kevlar® K29 increased the impact absorption energy by 35%. 
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5.4.5.3 Headform Drop Impact 

Figure 5.20 a) shows the drop impact headform without helmet, and the flat impactor. The 

impact location centre is changed in this part of the post simulation. The Department of 

Transportation endorsed that the distance between the crown area and side or rear areas of impact 

is at least 7.5 cm.  

 
a) Drop Impact human Headform without helmet. 

  
 

b) The HIC, HIC(d), and Resultant Acceleration. c) The Helmet Protection during the Drop Impact. 

Figure 5.20. FE headform without helmet and the flat impactor Drop Impact 

 The headform in this case will absorb the impact energy, and that can lead to sever injury. 

The impact velocity is 6.2 m/s. Figure 5.20 b) provides the HIC and HIC (d) values, and the 

resultant acceleration for the drop impact through the post simulation. The HIC value is 4057, 

whereas HIC (d) value is 3227, and the duration of the impact is 11 ms. The maximum resultant 



78 

acceleration is 569 G. The impact energy was absorbed by the headform. Figure 5.20 c) shows the 

absorbed energy which is 27.2 J. During this impact energy and head injury, the chance of un-

survivable injuries can increase. Furthermore, Figure 5.21 a) shows the drop impact headform with 

Polycarbonate helmet, and the flat impactor were analysed. The helmet outer shell will absorb the 

impact energy to reduce head injury. The impact velocity is 6.2 m/s. Figure 5.21 b) shows the 

resultant Acceleration, HIC, and HIC (d) values for the drop impact through the post simulation. 

 
a) Drop Impact headform PC helmet. 

  
 

b) The HIC, HIC(d), and Resultant Acceleration. c) The Helmet Protection during the Drop Impact. 

Figure 5.21. FE headform with PC helmet and the flat impactor Drop Impact. 

The HIC value is 547, while the HIC (d) value is 579 and the ∆t of the impact is 26 ms. ∆t 

factor the limitation value of HIC is 1000. The maximum resultant acceleration is 164 G. The 

impact energy was absorbed by the outer shell of AGV PC helmet shell. Figure 5.21 c) shows the 
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absorbed energy, which is 18.9 J during the impact. Figure 5.22 a) shows the drop impact headform 

with CFRP helmet, and the flat impactor. Figure 5.22 b) represents the HIC, and HIC (d) values 

for the drop impact through the post simulation. The HIC value is 538, with the HIC (d) value of 

572.5, and the ∆t of the impact is 26 ms. the ∆t factor for the limitation value of HIC is 1000. The 

maximum resultant acceleration is 169 G. The improving in HIC value between AGV PC and 

CFRP is 2.3%. 

 
a) Drop Impact Headform CFRP helmet. 

  
 

b) The HIC, HIC(d), and Resultant Acceleration. c) The Helmet Protection during the Drop Impact. 

Figure 5.22. Drop Impact headform with CFRP helmet and the flat impactor 

The impact energy was absorbed by the outer shell of CFRP helmet. Figure 5.21 c) 

illustrates the absorbed energy as 10.9 J during the impact. The CFRP shell enhanced the durability 

of the helmet and improves the impact absorption energy by 42.3%. Figure 5.22 a) shows the drop 
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impact headform with Kevlar K29 helmet, and the flat impactor. The Kevlar K29 helmet was 

designed, manufactured, and modelled to meet federal motor vehicle safety standards. Figure 5.22 

b) clarifies the HIC, and HIC (d) values for the drop impact through the post simulation for the 

Kevlar® K29. The HIC value is 371 with the HIC (d) value of 446.5. Also, the ∆t of the impact is 

30 ms since of the ∆t factor for the limitation value of HIC is 1000. Also, the maximum resultant 

acceleration is 130 G. 

 
a) Drop Impact Headform Kevlar® K29 helmet.  

 
 

 

      b) The HIC, HIC(d), and Resultant Acceleration.  c) The Helmet Protection during the Drop Impact. 

Figure 5.23. Drop impact headform with Kevlar® K29 helmet and the flat impactor. 
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The improving in HIC value between AGV PC and Kevlar® K29 is 32%. The impact 

energy was absorbed by the outer shell of Kevlar® K29 helmet. Figure 5.22 c) shows the absorbed 

energy of 13.1J during the impact. Kevlar® K29 increased the impact energy by 32%.  

A brief comparison of results is shown in Table 5.6, where the flat impactor with FE 

motorcycle helmet and headform model are examined, respectively. The FEA resultant 

acceleration is plotted against the reference node with the resultant acceleration on LS-DYNA 

workbench. When the flat impactor is dropped/sided on the helmet, the maximum resultant 

accelerations are 539 G and 569 G without helmet, respectively. In both tests, Kevlar® K29 

presents the lowest values in resultant acceleration, HIC. Furthermore, the maximum resultant drop 

and side acceleration for Kevlar® K29 is 108 G and 130 G correspondingly.  

TABLE 5.6  

COMPARISON RESULTS OF MOTORCYCLE HELMET IMPACT 

Model Impact 

Velocity 

(m/s) 

Resultant 

Acceleration 

[G] 

HIC HIC(d) ∆t (ms) 

Side impact without helmet 6.2 539 2804 2282 0.8 

Side Impact AGV PC 6.2 99 270 370 47 

Side Impact CFRP 6.2 110 252 356 39 

Side Impact Kevlar® K29 6.2 108 245 371 38 

Drop impact without helmet 6.2 569 4057 3227 11 

Drop Impact AGV PC 6.2 164 547 579 26 

Drop Impact CFRP 6.2 169 538 572 26 

Drop Impact Kevlar® K29 6.2 130 371 446 30 

 

5.4.5.4 Hybrid III 50th Male Impact with Kevlar® K29 Helmet 

A Hybrid III 50th male ATD dummy provided by Humanetics was used in Crash Dynamic 

Lab at (NIAR). The helmet and the impactor set as shown in Figure 5.23. The peak resultant linear 
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acceleration of Kevlar® K29 helmet was significantly different from PC, and CFRP helmets for 

all modelling impact conditions, comprising the two impact locations at same speed 6.2 m/s. the 

validation range between the LSDYNA3D worksheet, and Cash Dynamic Lab (NIAR) is 93% 

similarity as illustrated in Table 5-7. The angular velocity, and the Neck Injury Criteria values 

were added in the Appendix part. 

 

 

 

 

 

 

 

 

 

a) Drop Impact b) Side Impact 

 

Figure 5.24 Experimental test for helmet protection. 

TABLE 5.7  

HEADFORM IMPACT VALIDATION RESULT 

HIC Drop Impact The resultant acceleration Validation 

Numerical 

Test 

Experimental Test Numerical 

Test 

Experimental 

Test 91% 
66.66 71.6 77.3g 54.18g 

HIC Side Impact The resultant acceleration Validation 

198.7 204.8 106 g 109.3g 96.5% 
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5.4 Conclusions 

To sum up everything that has been stated, the total of 8 motorcycle helmets, 4 of 

Kevlar®K29, and 4 of Carbon Fiber were tested and analyzed, and then the helmets were examined 

according to federal motor vehicle safety standards 218. The data were quantitatively analyzed to 

create a comparison pattern among the commercial, Kevlar® K29, and CFRP helmets. The 

strength analysis of motorcycle helmet samples were tested as numerical and experimental for the 

damage. The analysis demonstrated that there was no sign of damage for Kevlar® K29 and CFRP 

helmet opposing to the AGV PC helmet. The Kevlar® K29 helmet absorbed significant amount 

of the shock energy when compared to polycarbonate, and carbon fiber outer shell. Kevlar® K29 

helmet shock absorption was 34J which was increased by 40% and 18%, correspondingly, 

compared to polycarbonate and carbon fiber helmet. Regarding to the penetration tests for the 

deformation and peak force of Kevlar® K29, the CFRP presented more sufficient improvement 

by 25%, and 23%, respectively. Furthermore, the EPS inner padding foam with 31 mm thickness 

reduced the head acceleration by 269.1Gs whereas 26 mm thickness is more than 455Gs. The post 

simulation showed improvement of HIC, and the resultant acceleration. The head injury values 

proved the chance of traumatic brain injury which was lower as the Kevlar® K29 HIC values were 

245 and 371 for side impact and drop impact, respectively. Also. The experimental and simulation 

tests share 93% of the results depends on FMVSS 218, and DOT regulations, NIAR Institution 

done on Hybrid III  50th ATD dummy Headform, and simulation done on THUMS Hybrid III  

50th dummy Headform. 
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CHAPTER 6 

GENERAL CONCLUSIONS AND FUTURE WORKS 

 

6.1 General Conclusions 

In the present study, designing, manufacturing, testing and modeling of hybrid composite 

helmet were studied. A total of six samples of Kevlar®K29-Carbon Fiber/Epoxy composite panels 

filled with nanoclay particles were fabricated and tested for mechanical performance evaluation. 

The produced data were quantitatively analyzed to create a comparison pattern among the baseline 

samples and nanoclay samples. The damaged composite panels were C-scanned to have 2 

dimensional visualizations for the damage analysis. The damage analysis demonstrated that the 10 

wt.% NC and 5 wt.% nanoclay (NC) samples were damaged the least compared to the other 

composite panels, which may be an indication of less damages during the collisions. Also, 

nanoclay inclusions were found to be superior in terms of elasticity, impact load, and recuperation. 

The test panel with 10% nanoclay-filled epoxy composite panel responded with the highest impact 

load (25% more than baseline), and recuperated the most as well (22% more than baseline). In 

terms of absorbed energy, the 10 wt.% Kevlar® K29 NC composite panel absorbed the most 

impact energy of about 50 J. Continuous research is required on the functionalized nanoclay in 

different resin systems, and the properties of composite panels under different impact energies 

should be determined and documented. Furthermore, the total of eight motorcycle helmets, four of 

Kevlar®K29, and four of carbon fibers were tested and evaluated, and then the helmets were 

analyzed according to Federal Motor Vehicle Safety Standards (FMVSS 218). The data were 

quantitatively examined to create a comparison pattern among the commercial, K29, and CFRP 

helmets. The strength analysis of motorcycle helmet samples was conducted as numerical and 

experimental for the damage evaluation. The experimental analysis demonstrated that there was 
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no sign of damage for K29 and CFRP helmet as opposed to the polycarbonate (PC) helmet. The 

K29 helmet illustrated more protection, and significant amount of the shock energy when 

compared to the PC, and carbon fiber outer shell. K29 helmet shock absorption was 34 J which 

was increased by 40% and 18%, correspondingly, compared to PC and carbon fiber helmet. 

Regarding to the penetration tests for the maximum deformation and maximum peak force of K29, 

CFRP presented more sufficient improvement by 25%, and 23%, respectively. Furthermore, the 

expanded polystyrene (EPS) inner padding foam with 31 mm thickness reduced the peak of head 

acceleration by 269 G whereas 26 mm thickness is more than 455G. The modeling and simulation 

studies showed improvement of head injury criterion (HIC), and the resultant acceleration. The 

head injury values proved that the chance of traumatic brain injury was lower since the K29 HIC 

values were 245 and 371 for side impact and drop impact, respectively. The numerical and 

experimental full dummy tests presented 94% validation by using Kevlar®K29 helmet on drop, 

and side impact. The experimental and simulation tests confirmed about 93% of the true results 

based on the FMVSS 218, DOT regulations, as well as WSU NIAR Institution on Hybrid III  50th 

ATD dummy Headform, and simulation on THUMS Hybrid III  50th dummy Headform. 

6.2 Future Work 

• In terms of cost-effectiveness, reducing number of plies of carbon fiber and Kevlar 

may be beneficials and need to be tested. Reducing amount of material to 3 or 4 

plies may work, as well. 

• Adding other types of micro and nanoscale fillers can increase strength of resin as 

well as reduce weight of helmet. 

• Different thickness of EPS foams can have different effects on the impact tests. 
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• Optimizing the size and shape of the helmet for comfort of the benefit will be 

advantageous. 

• Using The Strasbourg University Finite Element Head Model (SUFEHM) is a state-

of-the-art detailed human head for use in predicting head injury, so future studies 

will be recommended. 

• Bullet test analysis may be needed for the future defense purposes. 

• Additionally, this helmet may present beneficial to use for other transportation and 

aerospace applications. 
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APPENDIX A 

FEA Meshing Sizes     

During the finite element analysis, the meshing size is the most important procedure, 

because of this the crash analysis will be more accurate as shown in Figure A-1. 

 

 
Figure A- 1. Helmet mesh size: (a) 3 mm element size CFRP, and 6 mm elment size CFRP. 

 

LS-Dyna Simulations 

 

Figure A-2 shows the simulation without the hybrid composite helmet to measure the HIC 

values. Also, to figure what the parameters can effect on this study. Figure A-3 illustrates the head 

foam of Hybrid III 50th male simulation to calculate the HIC ∆t 36 ms with hybrid composite 

helmets, and represent the effects on the HIC value.  
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APPENDIX (continued) 

 

Figure A- 2. Full Dummy 

 

 

Figure A- 3. Headform post-simulation of HIC Values CFRP 

 

LS-Dyna Simulations 

 

Figure A- 4. Full dummy to calculate HIC values during Crash, ∆t in 36 ms < 1000 CFRP 

 

Figure A-5 represents the full dummy with the hybrid composites helmets, and to analysis 

flat anvil impact effects on the head fatalities.  
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APPENDIX (continued) 

 

Figure A- 5. LS-Dyna workbench a) Full dummy, b) Head and neck. 

 

Phase III, the total number of simulations of 24 cases, which are detailed as follow: 2 cases 

of helmet mesh size (6 mm element size and 3 mm element size), 2 cases of dummy (full dummy 

and headform), 3 hybrid composite system (CFRP, GFRP, and Kevlar), 2 impact direction (from 

top or from side). 

 

 

  

 

 

 

 

 

 

  

Figure A- 6. Flat Anvil Test of Kevlar® K29 10% NC properties. 
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APPENDIX (continued) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure A- 7. Post simulation Kevlar® K29 full dummy side impact. HIC 198. 

 

Figure A- 8. Experimental Analysis Kevlar® K29 full dummy side impact HIC 204. 
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Figure A- 9. Post simulation Kevlar® K29 full dummy drop impact. HIC 66.67 

Figure A- 10. Experimental Analysis Kevlar® K29 full dummy drop impact HIC 71.6 
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APPENDIX (continued) 

 

 

Figure A- 11. Experimental Report (NIAR) Drop Impact. 

 

 

Figure A- 12. Experimental Report (NIAR) Side Impact. 
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APPENDIX (continued) 

 

 

Figure A- 13. Impactor requirements pre-Test 

 

 

Figure A- 14. Post-Test Pictures. 
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Figure A- 15. Flat Anvil Test, Von-Mess Stress of Kevlar® K29 10% NC Hybrid 

composite helmet. 

Figure A- 16. Hemispherical Anvil Test, Von-Mess Stress of Kevlar® K29 10% NC 

Hybrid composite helmet. 
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APPENDIX (continued) 

 

Figure A- 17. Headform side impact V-M stress. 

 

 

Figure A- 18. Drop impact (V-M) stress. 
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APPENDIX (continued) 

TABLE A-1  

FLAT ANVIL TEST OF Kevlar® K29 10% NC PROPERTIES 

 

 

TABLE A-2  

HEMISPHERICAL ANVIL TEST OF Kevlar® K29 10% NC PROPERTIES 

  

Crash Dynamic Media files were uploaded here: 

https://drive.google.com/drive/folders/191WqRMQ5h8khef3rzH6Rr01sjzxXey8Q?usp=sharing 

https://drive.google.com/file/d/1hw5g7Jge0cMNXrEeloxK1oqUYQ0lkzPr/view?usp=sharing 

https://drive.google.com/file/d/1AyllE2TB3CVhsaY5cfybVkUc75f4Zlxh/view?usp=sharin 

 

Output Parameters Drop Impact Speed of Impact Rigid Body Weight  

Total Deformation 7.5698e-004 m 6.2 m/s 

As FMVSS218  

Standards 

6.2 KG 

As FMVSS218  

Standards 

Equivalent Stress 0.2118 MPa 

Equivalent Elastic Strain 0.0023051 m/m 

Output Parameters Top Direction Speed of impact Rigid body weight 

Total Deformation 3.5285 e-004 m 5.2 m/s 

As FMVSS218 

Standards 

6.2 KG 

As FMVSS218 

Standards 

Equivalent Stress 6.5359 e+007Pa 

Equivalent Elastic Strain 0.0036051 m/m 

https://drive.google.com/drive/folders/191WqRMQ5h8khef3rzH6Rr01sjzxXey8Q?usp=sharing
https://drive.google.com/file/d/1hw5g7Jge0cMNXrEeloxK1oqUYQ0lkzPr/view?usp=sharing
https://drive.google.com/file/d/1AyllE2TB3CVhsaY5cfybVkUc75f4Zlxh/view?usp=sharin

