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ABSTRACT 
 

Throughout the history of sports, injuries limiting the career life of the athletes 

have been the leading concern of the sport authorities. These injuries are more extensive 

in sports in which athletes are in severe contact with each other. Mild Traumatic Brain 

Injury (MTBI), concussion, widely occurs in American football because of the frequent 

strikes to players’ heads. Concussion includes several types of neurological dysfunctions 

such as headache, dizziness, confusion, blurred vision, delayed reaction time and etc. 

Lots of the related studies have focused on understanding different aspects of concussion 

and improving the protective performance of the helmet, so that the dose and severity of 

the injury in players is reduced. Research in this area can be classified as two major 

methods: experimental studies and Finite Element Modeling (FEM) simulations. 

In experiments, researchers have tried to record head impacts or reconstruct the 

severe collisions using the game videos in the laboratory conditions. They have used the 

Hybrid III dummy in order to study the effects of the different impact parameters such as 

direction, velocity, region of the head being hit and etc. Above mentioned impact 

parameters have been also examined using FEM simulations. Researchers have applied 

the results of experimental tests including linear and rotational acceleration in order to 

study the brain deformation responses to different types of impacts. 

In order to limit the severity and frequency of injury, various helmets have been 

designed to protect the player’s head by absorbing the energy of the impact. This 

absorbency is mainly achieved by the padding system inside the helmet which includes 

energy absorbing and comfort foams and inflatable air surrounding the foams. In a recent 

study  at  Texas  Tech  University,  an  experiment  was  performed  on  a  Riddell  Youth 
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Revolution Speed helmet to analyze the effect of head size on capability of the helmet in 

attenuating the impacts. It was found that headform size would affect the helmet 

performance. In the current study, a three dimensional finite element (FE) model has 

been developed based on the above mentioned experiment. The purpose of this study is to 

develop and validate the FE model based on the experimental results, regarding the effect 

of headform size on performance of the helmet. 
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CHAPTER 1 

LITERATURE REVIEW 

1.1. Introduction 
 

Concussion is defined a form of mild traumatic brain injury and caused because 

of the accelerating movement of the head (Gennarelli, 1983). A previous study has shown 

that 1.6 to 3.8 million of sport related traumatic brain injuries happen annually in USA 

(Langlois et al., 2006), in which 300,000 cases are reported as concussion incidents 

occurring in sport activities (Daneshvar et al., 2011; Sosin et al., 1991; MMWR, 1997). 

As a result, extensive medical costs have been caused due this great amount of injuries. 

Moreover, players experiencing these injuries experience lots of long-term physical and 

psychological problems during their lives. In order to prevent concussion, overcome its 

long-term effects and reduce its financial costs, researchers have put a great amount of 

effort into studying different aspects of concussion and its causes and outcomes. Early 

research regarding concussion focused on experimental tests on animal brains (Meyer et 

al, 1970; Nilson et al., 1977; Pundez et al., 1946). These animal experiments resulted in 

gaining initial understanding about concussion. However, because of the differences 

between structure of the human and animal brain, these results were difficult to apply to 

humans (Broglio et al., 2011). Nowadays, these studies have progressed to experimental 

studies on human cadavers. In addition, real-time studies are being done by recording and 

evaluating the head impacts during football games and trainings using accelerometers. 

Further research has been performed using finite element modeling of head impacts and 

studying their effects on the brain tissues by measuring deformation responses of the 

tissues. 
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1.2. Experimental studies 
 

One major part of the studies regarding the concussion and performance of the 

helmet in preventing the head injury has been carried out using experimental tests. Some 

researchers have worked on recording and analyzing the real-time data of the head 

impacts during the football games and trainings. Other researchers have used the 

recorded video of the National Football League (NFL) games to exactly reconstruct the 

head impact incidents that occurred during the games using Hybrid III dummies and test 

setups in laboratory scale. The first parameters that can help predicting the occurrence of 

the concussion and reflect the performance of the helmet in absorbing the energy of the 

impact are linear and rotational accelerations. Based on the literature, long ranges of 

rotational and linear accelerations have caused concussion in football players, with peak 

linear accelerations ranging from 48g to 188g (Reid et al., 1971), and peak rotational 

accelerations ranging from 2174 (McAllister et al., 2012) rad/s2 to 9678 rad/s2 (Zhang et 

al., 2003). In addition to these parameters, several criteria have been developed based on 

the linear and rotational accelerations, including Head Impact Power (HIP, rate of change 

of kinetic energy), head impact jerk (HIJ, rate of change of head input acceleration), 

Gadd Severity Index (SI) and Head Injury Criteria (HIC). Concussion injury has been 

studied using the above mentioned parameters along with the biomechanical 

characteristics of the head impact such as location and direction of the impact on the head 

and position of the impacted player in the field. The results of the experimental research 

can be categorized as four major classifications including severity of the non-injury and 

concussive impacts, concussion thresholds, impact location and position of player being 

impacted. 
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1.2.1. Severity of the non-injury cases and concussive impacts 
 

Severity of the head impacts can be defined as the dynamic responses of the head 

after the impact. As mentioned before, several researchers have recorded these responses 

during the sessions of trainings and games at high school and collegiate level. In other 

studies, the dynamic responses of the head have been recorded from laboratory 

reconstructions of the head impacts in NFL games (Zhang et al., 2003; Pellman et al., 

2003). 

 
Duma et al. (2005) measured and analyzed the head responses of the American 

football players in collegiate games and trainings be recording the head acceleration, 

head injury criteria, severity index and impact location. They recorded data for 3312 head 

impacts during more than 35 trainings and 10 games. 

 
Broglio et al. (2009) collected head impact data during 55 trainings and 13 games 

of an interscholastic team in one season. The biomechanical responses that they recorded 

included linear acceleration, rotational acceleration, jerk, force, impulse and impact 

duration. These parameters were measured for 35 football players which resulted in 

recording 19224 head impacts. 

 
Rowson et al. (2009) focused on recording the linear and rotational accelerations 

for ten Virginia Tech football players during their games and trainings of the 2007 

football season. Data for 1712 head impacts were collected in which 172 cases had been 

associated with impacts greater than 40g, and 143 cases had been greater than 3000 

rad/s2. 
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Schenebel et al. (2007) worked on comparing the severity and frequency of the 

head impacts between 40 collegiate football players at University of Oklahoma and 16 

high school players of the Casady high school during the games and trainings of the 2005 

season. They recorded 54154 and 8326 head impacts among collegiate and high school 

players, respectively. 

 
Guskiewicz et al. (2007) recorded 13 concussion cases by studying the head 

impacts of the 88 collegiate football players during the years of the 2004 to 2006. They 

recorded linear and rotational acceleration of the players’ heads. They attempted to find 

the correlation between these head dynamic responses and concussion symptoms, 

postural stability and neurocognitive function. 

 
Pellman et al. (2003) used the videotapes of the National Football League games 

during the years of 1996 to 2001 to reconstruct the most severe head impacts in 

laboratory scale. Considering the availability of the data, they were able to reconstruct 31 

head impact using Hybrid III dummies with similar impact conditions. Then they used 

the results to develop computer models for simulating the head impacts in using finite 

element models. Table 1.1 and 1.2 summarizes the data has been provided in different 

studies based on the literature for non-injury and concussion cases, respectively. 
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Table 1.1. Average of head peak dynamic responses for non-injury cases 
1All impacts including a few injuries 
 LA (g) RA (rad/s2) GSI HIC 
Naunheim et al. (2000) 29.2±1.1 - 38.4±6.6 22.5±3.6 
Duma et al. (2005) 32±25 2213.56 36±91 26±64 
Brolinson et al. (2006) 20.1±18.7  - - 
Broglio et al. (2009) 
Game 
Training 

 
24.76±15.72 
23.26±14.48 

 
1669.79±1249.41 
1468.58±1055.00 

 
- 
- 

 
- 
- 

Rowson et al. (2009) 22.3 1335 - - 
Broglio et al. (2010) 25.1±15.41

 1627.1±1182.91
 - - 

Rowson et al. (2012) - 1230±915 - - 
Zhang et al (2003) 55 3938 - - 
Pellman et al. (2003) 60±24 4235±1716 154±82 121±64 

 
Based on Table 1.1, it can be concluded that most of the researchers, except 

Zhang et al. (2003) and Pellman et al. (2003), recorded relatively similar data in which 

the magnitudes of the head dynamic responses have been low for non-injury cases. 

However, the average magnitudes of the dynamic responses in non-injury cases in two 

studies, including Zhang et al. (2003) and Pellman et al. (2003), have been significantly 

more severe, since they biasedly selected and reconstructed the most severe head impacts 

during NFL games, while other researchers have chosen all impacts during the games and 

trainings. 
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Table 1.2. Average and range of head peak dynamic responses for concussion cases 
 

 Number of 
concussion 

LA (g) 
Ave (Range) 

RA (rad⁄s2) 
Ave (range) 

GSI 
Ave 

HIC 
Ave 

Duma et al. 
(2005) 

1 81 (-) 7912 (-) 26 200 

Brolinson et 
al. (2006) 

3 103.3 
(55.7-136.7) 

- - - 

Schnebel et 
al. (2007) 

6 - 
(81.9-145.7) 

- - - 

Guskiewicz 
et al. (2007) 

13 102.8 
(60.51-168.71) 

- - - 

Zhang et al. 
(2003) 

22 94 
(48-138) 

6398 
(2615-9678) 

- - 

Pellman et 
al. (2003) 

25 98±28 
(48-138) 

6432±1813 
(2615-9678) 

474±252 381±197 

Broglio et 
al. (2010) 

13 105.0 
(74.0-146.0) 

7229.5 
(5582.6-9515.6) 

- - 

McAllister 
et al. (2012) 

9 74.9±22 
(40.6-11.6) 

4760±1350 
(2174-6325) 

  

Rowson et 
al. (2012) 

57 - 5022±1791 
(-) 

- - 

 
 
 
 

1.2.2. Dynamic based concussion thresholds 
 

Recording the aforementioned data has helped the researchers to set different 

thresholds to predict the occurrence of concussion in football players. These thresholds 

can be set based on each head dynamic response like peak linear acceleration, peak 

rotational acceleration, rotational velocity (RV) and head injury criteria like SI and HIC. 

Thresholds for various probabilities of concussion are listed in Table 1.3. 
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Table 1.3. Thresholds for different probabilities of concussion based on the dynamic 
responses 
 Probability LA (g) 

RA 

(rad⁄s2) 

RV 

(rad⁄s) 
GSI HIC HIP 

Newman et al. 
(2000) 

50% 
95% 

77 
115 

6322 
9267 

- 
- 

291.2 
558.9 

239.8 
485.2 

12.79 
20.88 

Pellman et al. 
(2003) 

Nominal - - - 300 250 - 

King et al. 
(2003) 

25% 
50% 
75% 

57 
79.3 
98.4 

4384 
5757 
7130 

- 
- 
- 

- 
- 
- 

136 
235 
333 

- 
- 
- 

Zhang et al. 
(2004) 

25% 
50% 
80% 

66 
82 
106 

4600 
5900 
7900 

- 
- 
- 

- 
- 
- 

151 
240 
369 

- 
- 
- 

Broglio et al. 
(2010) 

Nominal 96.1 5582.3 - - - - 

Rowson et al. 
(2012) 

50% 
75% 

- 
- 

6383 
6945 

28.3 
30.8 

- 
- 

- 
- 

- 
- 

 

1.2.3. Impact location 
 

Another biomechanical aspect of concussion that has been widely studied is the 

location and direction of the impacts on the head which has been evaluated considering 

three factors including frequency, severity and being concussive. These studies have been 

performed to find the regions of head that receive the impacts more frequently and with 

more severity, along with finding the region of the head where, if impacted, it is more 

probable that the concussion happens under the effect of impacts. 

 
Regarding the frequency of the impacts, several studies have proved that front 

region of the helmet and consequently head receives impacts more frequently than other 

regions. Rowson et al. (2009) showed that front region of the helmet experiences the 

most frequent impacts followed by left, right, back and top regions. In another research, 



Texas Tech University, Seyed Saeed Ahmadisoleymani, August 2016 

8 

 

 

 
 

Rowson et al. (2012) divided the helmet surface into three regions including front and 

back sides of the helmet, right and left sides of the helmet and top region of the helmet. 

Based on their results, most of the head collisions (67.5%) impacted the front and back 

regions of the helmet, followed by right and left sides and top region of the helmet. 

Crisco et al. (2010 and 2011) stated that front and top of the helmet receive the most and 

least frequent impacts, respectively. Greenwald et al. (2008) showed that impacts to front 

of the head were more frequent (43.1%) than back (24.4%), sides (19.5%) and top 

(13.0%) regions. Broglio et al. (2009) claimed that front of the helmet would receive 

more frequent impacts than back, side and top regions. 

 
Regarding the severity of the impacts, Mihalik et al. (2007) claimed that top of the 

head is at least 6.5 times more probable to receive impacts with peak linear acceleration 

over 80g than back, front, left and right sides of the head. Rowson et al. (2012) concluded 

that lower magnitudes of peak rotational acceleration are caused due to the impacts to top 

of the helmet than impacts to front and back of the helmet. Crisco et al. (2011) showed 

that impacts to top of the helmet had been associated with experiencing the lowest 

amounts of peak rotational acceleration and the highest amounts of peak linear 

acceleration. Broglio et al. (2009) stated that impacts to the top of the head resulted in the 

greatest magnitudes of peak linear acceleration and force followed by front, back and 

sides of the head. They also revealed the highest amount of peak rotational acceleration 

had been caused due to the impacts to front of the head, followed by back, sides and top. 

Similar to all of these studies, Pellman et al. (2003a and 2003b) showed that impacts to 

the helmet facemask had caused the lowest magnitude of peak linear acceleration. 
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Regarding the concussion cases, some studies have shown that impacts to the top 

of the head are more likely to cause concussion in football players. For instance, Mihalik 

et al. (2007) claimed that four out of seven concussion cases were because of the impacts 

to top region of the head. Similarly, Guskiewicz et al. (2007) claimed that 6 out of 13 

concussion cases happened due to the impacts to top of the head. However, several 

studies have proved that impacts to front region of the head are more likely to cause 

concussion. Greenwald et al. (2008) recorded 17 concussion cases in which eight, three, 

five and one concussions were caused due to the impacts to the front, top, sides and back 

region of the helmet. Broglio et al. (2010) recorded 13 concussion cases in which 8 

concussion cases were occurred due to the impacts to front of the helmet. Among 25 

concussion cases recorded by Pellman et al. (2003a and 2003b), 14 cases were caused 

because of the impacts on the helmet facemask. Based on their results, the average peak 

linear acceleration for concussion cases caused by impacts to the facemask was 78±18g, 

while this average for other regions of the helmet was 107 to 117g. This result shows that 

if the front region of the helmet and head in impacted, brain may experiences concussion 

at a lower range of force which proves the front region to be a critical region in terms of 

experiencing concussion. Most of the concussion cases (33 out of 57) studied by Rowson 

et al. (2012) were caused due to the impacts to front and back regions of the helmet, 

followed by top region of the helmet (17 out of 57). However, the number of concussions 

per impact has been the most for top of the helmet. 

1.2.4. Player position 

Several studies have attempted to analyze the occurrence of concussion and 

severity and frequency of the head impacts based on the football player positions. In 
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general, they have obtained consistent results stating that defensive and offensive linemen 

usually receive more frequent impacts (Duma et al., 2005; Schnebel et al., 2007; Mihalik 

et al., 2007; Broglio et al., 2009; Crisco et al., 2010; Broglio et al., 2011; Crisco et al., 

2011). Some other studies claimed that these players would receive head impacts with 

lower severity (Schnebel et al., 2007; Broglio et al., 2009; Crisco et al., 2010; Broglio et 

al., 2001; Crisco et al., 2011). In contrast, skill players (non-linemen) such as running 

backs, quarter backs and wide receivers experience less frequent head impacts, while 

experiencing head impacts with greater severity (Mihalik et al., 2007; Schnebel et al., 

2007; Crisco et al., 2010; Crisco et al., 2011; Broglio et al., 2011). 

1.3. FEM simulations 
 

Another major part of the studies about concussion in American football has been 

in the area of the finite element modeling of the head impacts. Such studies suggested 

that it is the brain deformation responses that determine the injury, not head dynamic 

responses. Therefore, it is important to study how the brain tissues are affected and 

deformed due to the head impacts. Researchers have used head dynamic responses 

including linear and rotational acceleration as the input to different finite element models 

of the brain to measure brain deformation responses like strain and stress after the impact. 

Zhang et al. (2003 and 2004), King et al. (2003) and Viano et al. (2005) implemented the 

Wayne State University Head Injury Model (WSUHIM) (Zhang et al., 2001) as their 

finite element model of the brain and studied brain deformation responses using data 

from laboratory reconstruction of NFL game videos (Newman et al., 1999). Using 

another finite element model of the head (Kleiven, 2002 and Kleiven 2006), Kleiven 

(2007)  compared  several  head  dynamic  based  metrics  along with  brain  deformation 
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responses from recorded concussion cases. McAllister et al. (2012) studied strain and 

strain rate at corpus callosum as predictor of concussion using Dartmouth Subject- 

Specific FE Head Model. Post et al. (2012 and 2014) designed a centric (through head 

center of gravity) and non-centric impact condition using an experimental setup to impact 

helmeted Hybrid III dummies on the front, back and sides regions. They applied this test 

protocol to take into account not only the location of the impact, but also the direction of 

the impact being through the head center of gravity or not. They attempted to study the 

correlation between the head dynamic and brain deformation responses. They impacted 

the helmeted Hybrid III dummies at nine centric and non-centric sites (at 7.5 m/s) and 

used the dynamic responses as the input to the University College Dublin Brain Trauma 

Model (UCDBTM) (2003 and 2004). In a similar research, Post et al. (2013 and 2014) 

studied the performance of the American football helmet being impacted with three 

different velocities (5.5, 7.5 and 9.5 m/s) at two locations (one centric and one non- 

centric) based on head dynamics and brain deformation responses. 

 
1.3.1. Brain deformation responses 

 
For injury cases, Zhang et al. (2003) and King et al. (2003) demonstrated that the 

high magnitudes of the maximum principle strains (S) concentrated in white matter of 

frontal lobe and central core region of the brain, more specifically in the midbrain, upper 

brain stem and most of the diencephalon. But, their results showed that corpus callosum 

did not experience high magnitudes of strain. The results for strain rate (SR) and product 

of strain and strain rate (SSR) showed the concentration in the midbrain. IN addition, 

Zhang et al. (2004) showed that, for intracranial pressure (P), the impact initially caused 
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positive pressures at the impact site and then the pressure gradient progressed to the 

opposite side of the brain with negative pressures. Their result for shear stress (SS) 

showed that it was initially high at cortical surface of the brain and gradually moved to 

the central core region of the brain. Based on their results, midbrain had experienced the 

highest magnitudes of shear stress during the impact, followed by thalamus. The corpus 

callosum region, being previously reported to commonly experiences diffuse axonal 

injury, did not experience high magnitudes of shear stress. Viano et al. (2005) showed 

that during the early time after impact, high strains and strain rates concentrated in the 

temporal lobe close to the impact site. During the mid-time response after the impact, 

these concentrations moved to the temporal lobe in the far side of the brain. Finally, 

during the late-time response, they concentrated at the midbrain regions including fornix 

and Ammon. Approximately, half of the cases showed this migration of high responses. 

All of the concussion cases, showed the late high strain responses in regions of the fornix, 

midbrain and corpus callosum. Based on the results by Kleiven (2007) for a concussed 

player, the concentration of high strains was seen in the corpus callosum, left temporal 

lobe and right superior part of the cortex. On the other hand, the high strain rate and von 

Mises stress concentrated at brainstem and midbrain. Generally, pressure linearly 

changed from maximum positive magnitudes close to the impact location to maximum 

negative magnitudes at opposite side of the impact. The FE simulations for 10 cases of 

concussion studied by McAllister et al. (2012) showed that corpus callosum and regions 

around it experienced high magnitudes of maximum principle strain. 
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Post et al. (2014) showed that, for most of the impact sites out of 9 impact 

locations, dorsolateral prefrontal area and visual cortex experienced the greatest and 

lowest amounts of peak von Mises stress, respectively. Primary motor cortex and primary 

somatosensory cortex sustained the largest maximum principle strains. The same as the 

von Mises stress (VMS), visual cortex received the lowest amounts of maximum 

principle strain for most of the impact sites. Similar to other researchers, regions that 

sustained the larger amount of deformation were generally at opposite side of the impact 

side. Table 1.4 shows the magnitudes of the high brain deformation metrics and the brain 

regions experiencing these amounts for different studies. 

 
Table 1.4. Brain deformation responses at different regions of the brain 
(T: Thalamus, CS: Coup site, CCS: countercoup site, CC: corpus callosum) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1 Midbrain, Thalamus, hypothal, fornix, ammon, parahipp and orbito-frontal-temporal 
2Midbrain, upper brainstem and diencephalon 

 
1.3.2. Correlation between brain deformation responses and concussion injury 

 
The correlation between brain deformation responses and occurrence of 

concussion has been evaluated by statistically analyzing the deformation responses in 

concussion cases. These analyses have been performed using logistic regression methods 

 S 
SR (�−1) 

SSR 

(�−1) 
SS (kPa) VMS 

(kPa) 
P (kPa) 

Zhang et al. 
(2003) 

- 23-140 (84)2
 Midbrain 

36 
- - - 

Zhang et al. 
(2004) 

- - - T: 4.5±1.2 
M: 8.4±2.2 

- CS: 90±24 
CCS: 76±25 

Viano et al. 
(2005) 

0.317 to 
0.4481

 

61.4 to 
81.51

 

- - - - 

Kleiven 
(2007) 

- - - - M: 
56±35 

- 

McAllister et 
al. (2012) 

CC: 
0.28±0.9 

CC: 
55.6±35.7 

- - - - 
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such as Significance test of -2 Log Likelihood ratio, Wald chi-Squared, standard t test, 
Hosmer-Lemeshow goodness-of-fit statistic, pseudo R2   statics and percentage correct 
classification. 

 
Zhang et al (2003) statistically analyzed head injury criteria including HIC, HIP, 

HIJ and brain responses including strain, strain rate and product of strain and strain rate 

in order to find their correlation with occurrence of concussion. Their results showed that 

product of strain and strain rate at the midbrain along with the strain rate were the most 

effective predictors of concussion. 

Zhang et al (2004) performed an inclusive statistical analysis including several 

parameters such as shear stress in the midbrain and thalamus, intracranial pressure (ICP), 

HIC, GSI, peak linear acceleration, peak rotational acceleration, multi-variate model of 

linear and rotational acceleration and multi-variate model of intracranial pressure and 

shear stress. Based on their results, both -2 log likelihood ratio and Wald chi-Squared 

tests showed that the occurrence of concussion had the most significant correlations with 

shear stress at the midbrain (SSS). 

Viano et al. (2005) conducted statistical analysis to find the correlation between 

the concussion and head and brain responses. Among all dynamic and deformation 

responses, the strongest correlations were found with the HIC and SI. Among brain 

deformation responses, the mid-late strain and strain rate in the midbrain and fornix 

showed the most significant correlation with the occurrence of concussion. Being or not 

being able to return to the game and play in the day of injury was considered as a marker 

of the injury severity. Statistical analyzes also showed the significant correlation with not 
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being able to return to the game in the day of injury (more severe injury) and sustaining 

high strains and strain rates in the mid-late time in fornix and corpus callosum. 

Kleiven et al. (2007) conducted different statistical analyzes to find the correlation 

between head dynamic and brain deformation responses with occurrence of concussion. 

All of the tissue deformation based injury metrics (strain, strain rate, product of strain and 

strain rate, CSDM, strain energy density, maximum positive and negative pressure and 

von Mises stress) in a specific region of the brain showed statistical correlation with 

incident of concussion, but the maximum pressure in the gray matter (cortex) followed by 

strain rate in gray matter (cortex) showed the highest correlation with concussion based 

on the -2likihood statistics and pseudo R2 analysis. However, the percentage correct 

classification showed higher correlation between the injury and CSDM in white matter 

and strain in gray matter. Between the dynamic based injury criteria, HIC showed the 

higher correlation with injury. It also showed higher correlation than tissue deformation 

based injury based on the -2likihood statistics and pseudo R2 analysis. However, CSDM 

in white matter and strain in gray matter showed higher percentage correct classification. 

Statistical analyzes showed that a combination of two kinematic based injury metrics 

improved their correlation with incidence of concussion injury. The combination of two 

kinematic based injuries showed higher correlation with injury than single kinematic and 

tissue deformation based injury for all statistical analyzes. Combination of HIC with peak 

change in rotational velocity or with peak rotational acceleration showed the highest 

correlation with concussion than any others injury metrics. 
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1.3.3. Brain deformation based concussion thresholds 
 
 

As it was mentioned before, concussion injury is caused due to the deformation in 

brain tissues which can be calculated in finite element modeling methods. Thus, it has 

been proposed that thresholds based on the brain deformation responses are more 

successful in predicting the incident of concussion. Table 1.5 summarizes the brain 

deformation based thresholds that have been set for different regions of the brain. 

 
Table 1.5. Deformation based thresholds for different brain regions 

 

 Probability Brain 
region 

S 
SR 

(�−1) 

SSR 

(�−1) 
SS 
(kPa) 

VMS 
(kPa) 

P 
(kPa) 

Zhang et 
al. (2003) 

25% 
50% 
75% 

Midbrain 0.25 
0.37 
0.49 

46 
60 
80 

14 
19 
24 

- 
- 
- 

- 
- 
- 

- 
- 
- 

King et 
al. (2003) 

25% 
50% 
75% 

Midbrain - 
- 
- 

46 
60 
80 

14 
19 
24 

- 
- 
- 

- 
- 
- 

- 
- 
- 

Zhang et 
al. (2004) 

25% 
50% 
80% 

Midbrain 0.14 
0.19 
0.24 

- 
- 
- 

- 
- 
- 

6.0 
7.8 
10.0 

- 
- 
- 

- 
- 
- 

Kleiven 
(2007) 

50% 
50% 
50% 

Grey 
matter 
White 
matter 
Corpus 
callosum 

0.26 
- 
0.21 

48.5 
- 
- 

10.1 
- 
- 

- 
- 
- 

- 
- 
8.4 

+68.5 
-55.1 
- 

 

1.4. Discussion and conclusions 
 

1.4.1. Concussion thresholds 
 

Although, dynamic based thresholds have been successful in predicting several 

concussive impacts, a large number of recorded impacts exist in previous studies (Duma 

et al., 2005; Brolinson et al., 2006; Greenwald et al., 2008; Broglio et al., 2009; Rowson 
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et al,; 2009) which are not consistent with defined thresholds. For example, there are 

several recorded impact cases which are above these thresholds, but a few of them has led 

to concussion in players. There are also impacts which are below the concussion 

thresholds, but they have caused concussion in players. For example, five out of thirteen 

concussion cases reported by Guskiewicz et al. (2007) had lower peak linear 

accelerations than the thresholds set by King et al. (2003). This inconsistency may have 

happened because many concussion cases are not reported by players. Studies have 

shown that major number of players experiencing concussion did not understand the 

symptoms of concussion (Delany et al., 2002; Duma et al., 2005; McCrea at al., 2014). 

Regardless, this fact cannot completely justify the inability of the dynamic based 

thresholds in accurately predicting the occurrence of concussion. Most of the dynamic 

responses considered in a study (Post et al., 2004) as the input to the FEM brain model 

were below the thresholds proposed in other studies for 50% probability of concussion 

(Newman et al., 2000; King et al., 2003; Zhang et al., 2004), but the results for brain 

deformation responses predicted high probability of concussion based on the brain 

deformation thresholds (Willinger and Buamgartner, 2003; Zhang et al., 2004; Kleiven, 

2006). Observing these inconsistencies in different research shows that dynamic based 

metrics should not only be used in setting concussion thresholds and standards for 

evaluating performance of the helmet, and there exist more effective parameters 

contributing to the incidence of concussion. This conclusion is supported in other 

research where they stated that these parameters might include concussion history of each 

player and frequency of non-injury impacts sustained by the player before the concussion 

(sub-concussive impacts) (Guskiewicz at al., 2003; Guskiewicz at al., 2007). Thus, it has 
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been proposed that thresholds based on the brain deformation responses can help to 

predict concussion more accurately. 

1.4.2. Location of the impact 
 

Regarding the severity of impact, studies claimed that impacts to top of the helmet 

result in the greatest and lowest amounts of peak linear acceleration and rotational 

accelerations, respectively. In contrast, impacts to front of the helmet cause the greatest 

amounts of peak rotational acceleration. Post et al. (2014) supported these results, where 

they impacted the front, back and sides of the helmeted hybrid III dummies using a linear 

impactor at same speed. Their results showed that two of the impacts to front of the 

helmet caused the greatest peak rotational accelerations and relatively lower peak linear 

accelerations. Causing the larger amount of peak rotational acceleration due to the impact 

to front of the helmet is believed to happen because of two major reasons. Firstly, 

impacts on the facemask in comparison with other regions of the helmet cause larger 

moment because of the larger moment arm due to the facemask’s distance from the head 

center of gravity (Rowson et al., 2009). Secondly, the stiffness of the facemask guard 

since it is built from metallic material (Post et al., 2014). 

Regarding the susceptibility of different brain regions to experience concussion 

injury, there exist different results in the literature. While a few researchers have 

proposed that impacts to top of the head would be more probable to cause concussion, 

more researchers have shown that front of the head, if impacted, is more likely to result in 

concussion. Bases on two previous studies, Greenwald et al. (2008) stated that impacts to 

the  helmet  facemask  would  cause  concussion  with  lower  linear  accelerations  than 

impacts to other regions of the helmet shell. They suggested that this might be due to 
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stiffness of the facemask, interactions between facemask and helmet shell, and physical 

properties of the head and neck. Besides, the statistical analysis by Viano et al. (2005) 

demonstrated that frontal oblique impacts caused higher mid-late strain and strain rates in 

the midbrain and fornix than other impact sites. So, it can be concluded that impact to 

front of the helmet are more concussive. 

1.4.3. Head dynamic responses vs brain deformation responses in brain regions 
 

In summary, researchers found various regions of the brain including white matter 

frontal lobe, midbrain, diencephalon, fornix, left temporal lobe, right superior part of the 

cortex, dorsolateral prefrontal area, primary motor cortex and primary somatosensory 

cortex associated with concentration of peak magnitudes of strain and strain rate resulting 

from concussive impacts. However, for the shear and von Mises stress, studies 

demonstrated less inconsistency for region of the brain experiencing high magnitudes of 

these parameters in concussion cases. In general, high magnitudes of stress concentrated 

at the midbrain of brainstem. 

The inconsistency for strain shows its dependence on the characteristics of input 

data such as magnitude and direction of accelerations and impact location. Post el al. 

(2013; 2014a; 2014b) demonstrated that increase in the impact velocity not only changed 

the magnitudes of high strains, but also changed the region of the head experiencing these 

high strain concentrations. On the other hand their results for von Mises stress showed 

less sensitivity to the impact characteristics, where increase in the impact velocity 

increased the magnitudes of peak von Mises stress, but it did not affect the brain region 

sustaining high stresses. However, both von Mises stress and maximum principle strain 

were sensitive to the impact location. In general, results of the study conducted by Post et 
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al. (2014a) showed that the brain region, which experiences the maximum amount of 

deformations, varies depending on the impact location. It is worth mentioning that a part 

of these differences may be because of the fact that researchers did not conduct the 

simulations with the same material properties of the brain tissues and simulation 

durations. Besides, their finite element models did not include the same brain regions. 

Statistical analyses have shown that strain and stress are significantly correlated 

with rotational acceleration, and not significantly correlated with linear acceleration 

(Zhang et al., 2004; Viano et al., 2005; Kleiven et al., 2007). More specifically, Post et al. 

(2012) showed that, for the centric impacts, both linear and rotational accelerations are 

significantly correlated with the maximum principal strain. However, for the non-centric 

impacts, just rotational acceleration is significantly correlated with strain. Considering 

these facts, it turns out that not only both linear and rotational acceleration contribute to 

the brain deformation and concussion, but also other parameters such as impact location, 

impact direction and being centric or non-centric affect the severity of brain tissue 

deformations and consequently severity of concussion injury. 

The simulation results for pressure gradient have been similar between the 

previous studies. Based on the simulations, head impact generally causes high pressure 

gradients near the impact site during the early time after the impact. During the late time, 

the high pressure gradients move to the opposite side of the brain and concentrate at 

locations far from the impact site. Statistical analyses have demonstrated that pressure 

gradients inside the brain are significantly correlated with the magnitude and direction of 

the linear acceleration (Zhang et al., 2004; Kleiven et al., 2007), which means that 
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increase in the linear acceleration increases the magnitude of pressure gradient, and 

pressure gradient moves in the direction of the linear acceleration. 

 
1.5. Conclusions 

 
Based on the above discussed facts, some general conclusions can be made about 

head impacts and its biomechanical aspects in American football. Firstly, football players 

receive the most frequent impacts on front region of the helmet during the games. 

Secondly, impacts to top of the helmet cause the greatest amount of peak linear 

acceleration, while it causes the lowest amount of rotational accelerations. In contrast, 

impacts to front of the helmet cause the greatest amount of peak rotational acceleration. 

Thirdly, among all regions of the helmet, more concussions have been observed due to 

the impacts to front and facemask of the helmet followed by top of the helmet. This may 

imply that front of the head is the most critical region in experiencing concussion. 

Fourthly, defensive and offensive linemen receive more frequent impacts, but with lower 

severity. In contrast, skill players (non-linemen) experience less frequent head impacts, 

but with greater intensity. Fifthly, thresholds based on dynamic responses are not 

necessarily successful in predicting the occurrence of concussion for all players. Sixthly, 

In addition to head dynamic responses, there exist more parameters that contribute to 

occurrence of concussion, parameters such as frequency of sub-concussive impacts and 

concussion history of the player. Seventhly, peak brain deformation responses and region 

of the brain experiencing these peak deformations have been different in previous studies, 

because they depend on different characteristics of the impact including impact location, 

severity  and  direction.  The  differences  in  their  input  data  have  made  their  results 
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different. Eighthly, strain and stress in brain tissues are significantly correlated with 

rotational acceleration, while intracranial pressure is significantly correlated with linear 

acceleration. 
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CHAPTER 2 
 

DEVELOPING THE FINITE ELEMENT MODEL 
 

2.1. Introduction 
 

American football is one of the most popular sports in the United States and 

attracts a lot of people all around the country to play at the amateur or professional level. 

Due to its full-contact nature, American football is associated with severe and frequent 

impacts to player’s body among which head and brain are the most critical organs. Based 

on the previous studies, annually, 1.6 to 3.8 million sport-related traumatic brain injuries 

occur in the United States (Langlois at al., 2006). Among these cases, 300,000 injuries 

are sport related concussions (Sosin et al., 1996). Concussion or Mild Traumatic Brain 

Injury (MTBI) is the signature injury of American football resulting from accelerating 

movement of the head (Gennarelli, 1983) because of the head impacts during the game. A 

helmet is the forefront barrier against the head injuries in all sport activities which 

involve severe contacts between the players, specifically American football. In this 

regard, lots of research has been conducted to find the deficiencies of the football helmet 

and improving its performance in absorbing the energy of the impact. These projects 

include experimental studies and finite element simulations. 

In some cases, the results of these studies have been consistent with each other, 

and in some cases, they have been in contradictory. Bartsch et al. (2012) performed a 

drop test experiment to compare the performance of eleven 21st  century varsity helmets 

with two early 20th century leatherheads. They found that, in many impact scenarios, the 
 

performances of the vintage leatherheads in terms of the impact doses and head injury 

risk were identical or better than 21st century helmets. Collins et al. (2006) evaluated the 
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newer helmet technology in comparison with the traditional helmet design based on the 

concussion rates and recovery times in players wearing those helmets. They concluded 

that the new helmet technology had succeeded in reducing the dose of cerebral 

concussion in high school football players. Honarmandi et al. (2013) studied the shock 

absorbing performance of actual helmets. They claimed that the current helmet 

technology might not prevent the incidence of concussion in football players. 

Hamid and Shah (2014) evaluated a football helmet performance using numerical 

simulation in LS-DYNA. They used the LSTC dummy as the player. They also modeled 

the brain tissues from MRI data of the human brain and fitted it within the dummy 

headform. The satisfactory results proved that coupling of the MRI imaging with 

numerical simulation in commercially available powerful codes like LS-DYNA can be 

used in studying the helmet performance in preventing concussion. Darling (2014) 

developed a validated football helmet model and coupled it with a human body model in 

LS-DYNA to study the effect of helmet design on the brain response to the impact. 

The current study aims to develop a finite element model of a Riddell Revolution helmet 

and validate the model against the results of a previous experiment in which the helmet 

was impacted on the top region. It has been reported that impacts to top of the head along 

with front of the head are more probable to cause concussion. It has also been reported 

that, among all regions of the head, impacts to top of the helmet causes the greatest 

amount of peak linear acceleration (LA) (Ahmadisoleymani and Yang, 2015). The result 

of the experiment in which the helmet is impacted on the crown region is a reliable 

reference for validating the FE model. 
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2.2. Methodology 
 

2.2.1. Finite element modeling 
 

The main purpose of this research is developing a finite element model of a 

helmet, and validating its accuracy using the results of the previous experiment (Schmit, 

2014) at TTU. The finite element modeling is described step by step in the following 

sections. The major parts of the FE model are the helmet shell and foam paddings within 

the helmet. However, in order to be able to validate the model and make the simulation 

matching the experiment, the whole drop test system that had been utilized in  the 

previous experiment has been considered in this model. The whole test setup is modeled 

using Autodesk INVENTOR, HYPERMESH and LS-DYNA LS-PrePost. 

 
2.2.1.1. CAD modeling and meshing 

 
Autodesk INVENTOR has been used to build the CAD model of the test setup 

including carriage system, neck connection, headform and impact surface. These 

components are demonstrated in the Figure 2.1. The HYPERMESH has been utilized to 

discretize the CAD model into fine elements and create the mesh file. All components 

have been meshed using 2D shell elements except the impact surface being meshed as 3D 

solid elements. 
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(a) (b) 

Figure 2.1. Drop test assembly; (a) CAD model; and (b) Model meshing 
 
 

Besides, HYPERMESH has been used to build the finite element model of the 

helmet shell and foam padding from 3D scan of the helmet. Using the 3D scanner 

equipment, the exterior surface of the helmet shell was created, as shown in Figure 2.2. 

Then, the shell was thickened by 3 mm through the center of the helmet to create the 

helmet thickness. Next, considering the geometry of each foam, elements that match 

which geometry were selected for each foam separately. Then, those selected elements 

were thickened again through the center in two steps, firstly to create the energy 

absorbing foam, and secondly to create the comfort foams. The advantage of building the 

3D model from 2D elements is the fact that HYPERMESH provides the capability to 
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check the quality of the 2D elements. So, after verifying the quality of 2D elements, the 

whole geometry was created with 3D elements. The facemask and retention system are 

not modeled since they are not required by the NOCSAE standard test (Darling, 2014). 

These two components are shown in Figure 2.3. The foam padding consists of three 

components including the energy absorbing (hard) foam, comfort (soft) foam and 

inflatable air surrounding the foams with air channels allowing air flows through the 

adjacent pads. The comfort foam which is softer and thinner than the harder foam is 

adjacent to the head, while the harder foam is adjacent to the helmet shell. Since 

modeling of the air pressure interactions inside the padding is complex, it is simplified to 

only modeling the foam without the inflatable air. As the inflatable air is not modeled in 

the helmet padding system, the FE model is validated against the experimental results for 

the effect of headform size on the helmet performance. The FE model of the helmet is 

demonstrated in the Figure 2.4. 

The drop test components act only as a rigid material and mainly create the mass 

of the system which dictates the impact velocity. So, their number of elements and mesh 

quality are not a key factor in the accuracy of the simulation results and they have been 

modeled as rigid bodies. However, numbers of elements for foam padding which absorbs 

the impact energy is the important parameter in the simulation. The total number of 

elements for each component is listed in Table 2.1. It is worth mentioning that the quality 

of mesh has already been checked in HYPESHMESH to assure that it is high enough to 

predict the results accurately. 
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Table 2.1. Number of elements of FE model components 
 

Part Helmet 

shell 

Foam Drop test Small, medium and large headforms 

Element 

number 

4181 14405 14279 12589 12891 13644 

 
 
 
 

 

Figure 2.2. Exterior surface of the helmet modeled in HYPERMESH 
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Figure 2.3. Different components of a typical American football helmet (Riddell 2014) 
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(a) (b) 

Figure 2.4. FE model of the helmet; (a) Helmet shell and foam padding; (b) Foam 
padding 

 
 

2.2.1.2. Mesh sensitivity analysis 
 

As mentioned above, since the foams play the key factor in absorbing the energy 

of the impact, their mesh size and number is critical in accuracy of the results. In order to 

assure that mesh size of the foam elements is convergent, a mesh sensitivity analysis has 

been done on one of the pads which includes both the energy absorbing and comfort 

foams, as shown in Figure 2.5. 

In this analysis, two element sizes, one having length, width and thickness of two 

times smaller than the other one, were selected. Under the same load condition on the 

surfaces of both pads which are in contact with headform, Von Mises stress were used to 

evaluate convergence of  the mesh sizes. Maximum Von Mises stresses on the load 
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surfaces of foams with smaller and bigger element sizes were 49200 pa and 51340 pa, 

respectively. Since the difference was less than 5%, it was concluded that both element 

sizes are convergent, and the bigger element size were chosen to mesh all of the foams. 

 

 
(a) (b) 

Figure 2.5. Element sizes selected for mesh sensitivity analysis; (a) big element size; (b) 
small element size 

 
 

2.2.1.3. Impact simulation in LS-DYNA 
 

After meshing the models, they were imported into LS-DYNA PrePost to prepare 

the impact simulation. This preparation includes defining the material models and 

properties and contact interactions between the components. A preliminary simulation 

should also be done to ensure that the head form is properly fit within the foam padding. 

 
2.2.1.3.1. Material model and properties 

 
As mentioned before, drop test assembly components, except the impact surface, 

were discretized using the 2D shell elements and the material model *MAT_RIGID was 

implemented to define their material properties. Material properties of typical steel were 

used for the carriage and neck connections. As the headform was 3D printed using 

acrylonitrile butadiene styrene (ABS), its material properties were obtained from the 
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literature (Matweb) and used as the input to the material model which are tabulated in the 

Table 2.2. The keyword *SECTION_SHELL was implemented for the headform 

elements, carriage components and neck connection. As mentioned before, these 

components have been defined using *MAT_RIGID and their formulations and 

computations are not determinant of the results of the simulations. So, element type shell 

has been used with default element formulations and settings for these components. 

Table 2.2. Material properties of the acrylonitrile butadiene styrene (ABS) (Matweb) 
 

Material Material model Density Young’s 
modulus 

Poisson’s ratio 

ABS *MAT_RIGID 0.0011 g/mm3
 2 GPa 0.35 

 

Energy  absorbing   and   comfort   foams   were   modeled   using   the   keyword 
 

*MAT_LOW_DENSITY_FOAM which represents the behavior of highly compressible 

foam material while having low density (Livermore, 2016). Foam is a special material 

that shows non-linear behavior under compression. In order to accurately model the 

behavior of the foam under dynamic load, its plastic deformation was defined using the 

stress-strain curve recorded in experimental compression test and was input into the 

material model. This experiment has been carried out at Lawrence Livermore National 

Laboratory (Moss and King, 2011) and their data was used in the simulation. For the 

reference, foam material properties including Young’s modulus, density and Poisson’s 

ratio were used based on the literature which are listed in Table 2.3 (Darling, 2014). 

Stress-strain curves for these two foam materials are demonstrated in the Figures 2.6 and 

2.7. 
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Figure 2.6. Stress-strain curve of hard foam (Moss and King, 2011) 

 

 
Figure 2.7. Stress-strain curve of soft foam (Moss and King, 2011) 
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2.2.1.3.2. Element formulation 
 

The major problem associated with modeling the foam material is that it 

undergoes large deformation in which the volume of the element is calculated as 

negative. This problem is called Negative Volume Error and occurs because foam 

material gets deformed easily under even a small load. There are several approaches that 

can help preventing negative volume. For example, fully-integrated solid element should 

not be implemented because they are less stable when the component experiences large 

deformations. In these cases solid element with 1-point integration is much more stable 

that fully-integrated solid element. Therefore, the keyword *SECTION_SOLID was 

implemented for the foam elements with element formulation type 1 (constant stress solid 

element) (Weimar and Day, 2003). 

 
2.2.1.3.3. Hourglass control 

 
The major drawback in using the one-point integration is that care should be taken 

regarding controlling the zero energy modes which are called hourglass modes. 

Hourglass modes are the deformation modes which are nonphysical, have zero-energy 

modes of deformation in which strain and stress are calculated  as  zero  (Hallquist, 

2006). Hourglass modes happen only when single integration point elements are used. 

LS-DYNA has various approaches for eliminating hourglass modes. The hourglass 

control formulation of type 5 with default hourglass coefficient of coef=0.1 is utilized in 

the simulation because it can help stiffening the response (Weimar and Day, 2003). 
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Table 2.3. Material properties of the hard and soft foams (Darling 2014) 
 

Material Material model Density Young’s 
modulus 

Poisson’s ratio 

Hard foam *MAT_LOW_ 
DENSITY_FOAM 

0.00028 g/mm3
 0.08 MPa 0 

Comfort 
foam 

*MAT_LOW_ 
DENSITY_FOAM 

0.00003 g/mm3
 0.0448 MPa 0 

 

The shell of the helmet is made of polycarbonate (Milne et al., 2014; Zhang, 

2001). To model its behavior, the keyword *MAT_ELASTIC which is a linear elastic 

material model has been implemented (Livermore, 2016). Material properties of the 

helmet shell are listed in Table 2.4. The keyword *SECTION_SOLID was used for 

modeling the helmet with element formulation type 1 (constant stress solid element). 

 
Table 2.4. Material properties of the helmet shell (Darling 2014) 

 

Material Material model Density Young’s 
modulus 

Poisson’s ratio 

Polycarbonate *MAT_ 
ELASTIC 

0.0011996 
g/mm3

 

2.415 GPa 0.329 

 

As explained in the drop test section, a synthesis turf had been used for the impact 

surface in the experiment instead of the NOCSAE impact surface. Because of lack of data 

that can be defined in LS-DYNA for this impact surface, a relatively soft material is used 

to model the behavior of the impact surface. 

2.2.1.3.4. Contact modeling 
 

The interactions between the components should be modeled using the contact 

details in LS-DYNA. Contact model *AUTOMATIC_SURFACE_TO_SURFACE with 

friction coefficient of 0.2 (Milne et al., 2014) was used to model the interaction between 

the headform and interior surface of the helmet along with exterior surface of the helmet 
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and impact surface. Another approach to overcome the negative volume error in foam 

materials is utilizing the *CONTACT_INTERIOR with defining the part set that includes 

the foam materials (Weimar and Day, 2003). 

2.2.1.3.5. Preliminary simulation 
 

Prior to running the impact simulation, a preliminary simulation should be done to 

assure that the headform is properly fit within the helmet foams. In this simulation, as 

movement       is       defined       for       the       headform       using       the       keyword 

*BOUNDARY_PRESCRIBED_MITION_SET. It pushes the headform into the foam 

paddings inside the helmet similar to how a player wears the helmet. 

 
2.2.1.3.6. Measurement in evaluating the helmet performance 

 
In the previous work, the linear acceleration and Head Injury Criteria (HIC) was 

used to study the performance of the helmet (Schmit, 2014). Therefore, these parameters 

can be considered in this FE simulation to validate the model. 

The first response of the head that can be evaluated is the linear acceleration at 

head center of gravity. For the two acceleration curves which are shown in Figures 2.8 

and 2.9, the first proposed model for evaluating the severity of these acceleration curves 

could be measuring the area below the curve. Both curves have the same area, while the 

curve in Figure 2.9 seems more dangerous. So, the proposed model is not valid. 
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Figure 2.8. Slight deceleration curve 

 
 

 
 

Figure 2.9. Severe deceleration curve 
 
 

In order to take the impact duration into account, Lissner et al. (1960) created a 

concussion tolerance curve which relates the peak LA to pulse duration. The curve was 

developed by measuring high acceleration impacts caused by dropping the cadaveric 

head samples on a steel plate with impact duration of 1 to 6ms, Figure 2.10. Stap 

estimated impacts with longer accelerating duration from the results of the human 

volunteer tests (Stapp, 1961). The NOCSAE measures the LA resulted from dropping a 

helmeted biofidelic headform on a flat rubber pad from a height of 1.52m. Multiple 
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impacts were done on the periphery and crown of the helmet and the Severity Index (SI) 

was calculated from the method of Gadd (Gadd, 1966). 

 

Figure 2.10. Peak head LA and impact duration of head injuries (Lissner et al., 1960) 
 
 𝑇𝑇 

𝑆𝑆   = 𝑎𝑎(�)  
𝑑𝑑� 

0 

(3) 

In equation 3, 𝑎𝑎(�) is the acceleration and T is the duration of the  acceleration 
pulse. The SI of the each impact site should not be more than 1200. In the general form of 

 
the Equation 3, the power of the acceleration inside the integral should be n which 

depends on the part of the body based on the empirical experience it is chosen 2 for the 

head (Henn, 1998). 

 
Since the validation of the model for different car and accident types was not 

successful, another criterion has been developed and used by the National Highway 
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2 1 𝑡𝑡1 2 1 

 
 

Traffic Safety Administration since 1975. Adapting the empirical data resulted in using 

the  revised  model  which  is  the  named  HIC.  Firstly  we  should  consider  the  mean 

acceleration between two times �1 and �2 which is schematically shown in Figure 2.11 for 
a typical curve. 

 
 

ā = 1
 

𝑡𝑡2−𝑡𝑡1 

𝑡𝑡2 
∫ 

1 

(4) 

 

 
Figure 2.11. Typical acceleration curve (Henn, 1998) 

If the formulation (�2 − �1)ā2.5  is used, both duration and weighted magnitude of  
the deceleration for the time interval  is  taken into  account.  The maximum  valu  of  
this 

 
numerical value is head injury criteria. HIC is calculated using Equation 4 (Henn, 1998). 

 

��𝐶𝐶 = {(� − � ) [∫
𝑡𝑡2 𝑎𝑎(�)𝑑𝑑�/(� − � )] 

2.5 
} 

𝑚𝑚𝑎𝑎𝑥𝑥 

 

(5) 

In Equation (5), 𝑎𝑎(�) is the LA at head center of gravity in g’s, and �1 and �2 are the initial and final time of the interval. �1 and �2 should be specified so that  the HIC value becomes maximum. The maximum duration of the time interval (�2− �1) is usually 
selected as 15ms (Chichester et al., 2001). 
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Based on the experimental results, the data for both LA and HIC showed a 

generally consistent and similar trend (Schmit, 2014). Thus, in addition to the linear 

acceleration, HIC values are also calculated from the simulation results using Equation 

(4) in order to evaluate the performance of the helmet. 
 

2.2.2. Experimental tests 
 

In the experimental test, a Riddell Youth Revolution Speed helmet was tested. 

Based on the general standards, a Hybrid III 50th percentile sized headform was used for 

studying the effect of headform size and inflatable air pressure on the helmet 

performance in absorbing the energy of impact. In that study, the CAD model of the 

headform was created in Autodesk INVENTOR based on the dimension drawings 

obtained from Humanetics manufacturer for the 50th percentile headform. Since a limited 

head size range should be used for each helmet size, after creating the head form, it was 

scaled down to three different sizes that would match the head circumference range of 

size medium of Riddell football helmet. Then, the small, medium and large headforms 

with the circumferences of 20.5 in, 21.25 in and 22 in, respectively, were built from 

acrylonitrile butadiene styrene (ABS) using a 3D printing machine. The accelerations of 

the headforms after each impact were measured at head center of gravity using an 

ilBiometrics mouth guard which was equipped with a triaxle accelerometer and 

gyroscope. This system had been linked with a sideline receiver and is named Impact 

Intelligence System (IIS). 
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Figure 2.12. Three different headform sizes used in the experiment (Schmit, 2014) 

 
 

2.2.2.1. Drop test 
 

In order to guarantee the validity of the experiment results, the drop test setup had 

been built based on the National Operating Committee standards for Athletic Equipment 

(NOCSAE), specifically standard of NOCSAE DOC (ND) 001-11m13 which was 

developed for football helmet test. The schematic representation of the NOCSAE drop 

test setup is demonstrated in the Figure 2.13. 

For this experiment in order to reach the goals of the project, some modifications 

had been done in the NOCSAE drop test. The headform mounts were designed so that 

they match the three sizes of printed head forms. Besides, as shown in the Figure 2.14, 

instead of the NOCSAE impact surface being molded polyurethane thermoplastic 

elastomer, an AstroTurf synthesis turf, model 3DXtreme60, had been used to make the 

test condition more close to the real impact with the game field. 
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Figure 2.13. NOCSAE Technical Drawing for Standard Drop Test (ND 001 – 11m13) 

 
 

The goal of this experiment had been to answer whether the performance of the 

helmet is affected by the variations in the air pressure of the foam paddings as well as the 

size of the head in the helmet. These two ideas had been investigated by dropping the 

helmeted headform from a constant height and by testing three headform sizes of small, 

medium and large, and varying the air pressure within the range of 0 psi to 6 psi. The 

carriage was set at a constant height so that the bottom of the helmet is positioned 12.5 

inch above the impact surface. For each air pressure, three sizes of headform have been 

tested to find the correlation between the helmet performance and headform size. The 
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helmet performance had been evaluated using the peak LA and HIC which is calculated 

from LA at the head center of gravity. However, since the air pressure inside the foam 

padding is not modeled in the FE model, just the experimental results regarding the effect 

of headform size on helmet performance at pressure of 0 psi is considered to validate the 

FE model of the helmet. 

 

 
Figure 2.14. Texas Tech University Drop Test setup 
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CHAPTER 3 

RESULTS 

3.1. Experimental test results 
 

In order to study the effects of headform size, the resultant peak LA and HIC had 

been calculated. The results of the peak LA (PLA), standard deviation and margin of 

error (MOE) for different headform sizes and air pressures are listed in the Table 3.1. 

The effect of headform size on the helmet performance at air pressure of 0 had 

been studied based on the peak LA and the result is demonstrated in the Figure 3.1. 

 
Table 3.1. Results of Testing with Varied Air Pressure and Head Form Size 

 

 0 psi 1.5 psi 
 Ave. 

PLA (g) 
Std. 
Dev. 
(g) 

MOE 
(g) 

Ave. 
PLA (g) 

Std. 
Dev. 
(g) 

MOE 
(g) 

Small 59.454 2.024 1.322 55.8557 1.91 1.248 
Medium 71.756 19.1 8.371 86.728 10.605 6.573 

Large 73.854 8.809 5.755 136.293 9.265 5.743 
 3 psi 4.5 psi 
 Ave. 

PLA (g) 
Std. 
Dev. 
(g) 

MOE 
(g) 

Ave. 
PLA (g) 

Std. 
Dev. 
(g) 

MOE 
(g) 

Small 81.477 18.837 8.256 79.881 8.325 5.16 
Medium 107.843 6.68 4.14 110.633 10.017 5.247 

Large 137.135 10.61 6.576 108.959 10.678 5.804 
 6 psi  
 Ave. 

PLA (g) 
Std. 
Dev. 
(g) 

MOE 
(g) 

Small 130.351 12.95 8.461 
Medium 102.761 4.961 8.461 

Large 92.108 6.409 3.972 
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Figure 3.1. Results of the peak LA for air pressure of 0 psi while varying the headform 
size 

 
 

3.2. Simulation results 
 

After performing all of the required steps as mentioned in previous sections, the 

impact simulation was carried out for each headform size. In order to study the 

performance of the helmet when it is dropped on a harder impact surface, two types of 

impact simulations were performed: simulation 1 is the soft impact surface and 

simulation 2 is the steel impact surface. For these simulations and in order to decrease the 

calculation time, the drop test components were omitted and their mass was added to the 

head form. For the first simulation a soft impact surface is used, while for the second 

simulation a steel impact surface is used. Based on the CFC180 specification explained in 

SAE J211-1 and in order to follow the procedure performed in the experiment, the 

simulation results for linear acceleration was filtered using the SAE filter with cutoff at 

frequency of 1000 Hz. 
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3.2.1. Linear Acceleration 
 

Linear accelerations of the head forms for simulation 1 (soft impact surface) were 

measured for each headform size and the variations are demonstrated in Figures 3.2, 3.3 

and 3.4. The results of the simulation for the steel impact surface (simulation 2) are also 

demonstrated in Figures 3.5, 3.6, 3.7. In order to compare the results of two simulations 

and experiment, results for peak linear accelerations and their correspondent 

experimental results are listed in Table 3.2. The trend in results of experiment and 

simulation for peak LA are demonstrated in Figures 3.8. 

 

 
Figure 3.2. Resultant linear acceleration for small head form size for the soft impact 
surface 
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Figure 3.3. Resultant linear acceleration for medium head form size for the soft impact 
surface 

 
 

 
Figure 3.4. Resultant linear acceleration for large head form size for the soft impact 
surface 
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Figure 3.5. Resultant linear acceleration for small head form on the steel impact surface 
 
 

 
Figure 3.6. Resultant linear acceleration for medium headform on the steel impact surface 
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Figure 3.7. Resultant linear acceleration for large headform on the steel impact surface 

 
 

 
 

Figure 3.8. Results of peak linear accelerations for each headform size obtained from 
experiment and simulation 

Experiment Simulation 1 Simulartion 2 

80 
 

70 
 

60 
 

50 
 
PLA (g) 40 
 

30 
 

20 
 

10 
 

0 
Small Medium Large 



Texas Tech University, Seyed Saeed Ahmadisoleymani, August 2016 

50 

 

 

 
 

Table 3.2. Resultant peak linear accelerations for three head form sizes 
  Peak linear acceleration (g)  

Head form size Small Medium Large 
Experiment 59.454 71.756 73.854 
Simulation 1 33.254 36.928 39.163 
Simulation 2 40.175 44.560 46.191 

 

3.2.2. Head Injury Criteria (HIC) 
 

As mentioned before, HIC is another parameter which can be used to evaluate the 

performance of the helmet in absorbing the energy of the impact and preventing injury. 

HIC values are calculated using Equation 4 in chapter 2 and based on the acceleration 

curves for each impact. The calculated values are listed in Table 3.3. The trend in results 

of experiment and simulations for HIC are demonstrated in Figures 3.9. 

Table 3.3. HIC values for each head form size based on simulation results 
 

  HIC  
Head form size Small Medium Large 

Experiment ≈50 ≈100 ≈200 
Simulation 1 54.43 59.01 71.70 
Simulation 2 65.25 76.7 97.58 

 

 
Figure 3.9. Results of peak linear accelerations for each headform size obtained from 
experiment and two simulations 
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CHAPTER 4 

DISCUSSION AND CONCLUSION 

4.1. Discussion 
 

This project has focused on developing the finite element of an American football 

helmet. In order to be able to validate the FE model, the purpose of this study is to 

compare the results of the simulation with the results of a previous experiment at Texas 

Tech University. Thus, the experiment setup was modeled in addition to the helmet. 

However, because of unavailability of the data for the impact surface, it has not been 

modeled in the simulation. 

4.1.1. Linear acceleration versus headform size 
 

In the experiment, the effect of headform size on performance of the helmet had 

been studied at different air pressures. However, since the inflammable air surrounding 

the foam paddings is not modeled in the FE model, results of the FE simulation can be 

compared with results of the experiment at 0 psi to validate the FE model. Based on 

results of the experiment listed in Table 3.1, the peak linear acceleration of headform 

after the impact is increased when the small size headform is replaced with medium size 

headform, and similarly when medium size headform is replaced with large size 

headform. This increase in peak linear acceleration shows that less energy is absorbed 

during the impact and performance of the helmet is reduced. 

As shown in Table 3.2 and Figure 3.8, the simulation results have demonstrated a 

similar trend when compared with the results of the experiment. The trend shows that the 

peak linear acceleration of the head is increased when the headform size is increased. 

This consistency in the results can prove the validity of the FE model. However, if the 
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peak linear accelerations in experiment and simulation are compared separately for each 

headform size, it is observed that they do not match with each other and the results 

obtained from the FE simulation are lower than the experimental results. This difference 

in the results is due to the fact that the impact surfaces in the simulation and experiment 

are different. The impact surface in the simulation may be softer and absorbs more 

energy during the impact than the impact surface in the experiment. Another parameter 

that may have caused this difference is the experimental stress-strain curve that was used 

to model the behavior of the foam materials. Since the experimental data for the 

aforementioned helmet foams was not available, this data for another helmet was used in 

the model which may be different from the experiment. This fact was examined by doing 

the simulation on a steel impact surface. Since the steel surface is stiffer than  the 

synthetic turf, the peak magnitudes of linear acceleration are supposed to reach higher 

values than the experimental results. However, the simulation results show that the peak 

LAs are still lower than the experimental results. These results show that the dominant 

factor in causing the difference between the simulation and experimental results is the 

input stress-strain curve for the foam materials. 

 
4.1.2. Head injury criteria versus headform size 

 
Based on the data in Table 3.3 and Figure 3.9, the calculated values for HIC prove 

that the performance of the helmet is decreased when the head form size is increased. 

Since this decrease in HIC values resembles the trend in the experimental results, it 

would also prove the validity of the FE model. 

 
It should be noted that in the experiment, the accelerations have been measured 

for the duration of 100ms in which the peak linear accelerations occurred during the first 



Texas Tech University, Seyed Saeed Ahmadisoleymani, August 2016 

53 

 

 

 
 

20ms to 30ms after the impact. Thus, in the simulations, the impact duration time was 

reduced to 30ms to decrease the computational time. 

 
Similar to the peak linear acceleration, the head injury criteria results for the 

simulation are lower than the results in the experiment. This difference in the results is 

firstly because of the peak linear acceleration being lower in the simulation, and secondly 

because of the fact that the head injury criteria is calculated over a shorter period of time 

in simulation. 

 
4.1.3. Performance of the helmet 

 
The results have shown that the performance of the helmet in absorbing the 

energy of the impact is reduced when the head form size is decreased. This reduce in the 

performance can be justified by evaluating two aspects of the impact including the 

change in the initial deformation of the foams along with change in the tightness of the 

headform within the helmet. 

The first aspect that affects the helmet performance is the fact that when a larger 

headform is used, initial deformation of the foams increases when headform is positioned 

within the foams. Consequently, the damping effect of the foams would be reduced since 

they can experience less deformation during the impact compared to the condition that 

they are not deformed at all. In this case, foam acts like a spring with is already 

compressed to a specific point and its stiffness is increased. 

The second aspect of the impact that results in reducing the helmet performance is 

the fact that since foams are deformed due to the increase in headform size, the contact 

forces  are  increased.  Thus,  the  headform  becomes  more  tight  within  the  foams. 
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Consequently, because of the increased tightness, more energy is transformed to the 

headfrom during the impact. 

4.2. Conclusion 
 

A finite element model of a helmet was developed and its validity was evaluated 

based on the results of the drop test experiment in LS-DYNA. Based on the experimental 

results, it had been concluded that the headform size affects the helmet performance in 

attenuating the severity of the impact (Schmit, 2014). The same trend was observed when 

evaluating the results of the simulation which proved the validity of the FE model. Thus, 

this validated model of the helmet can be implemented along with finite element of the 

human brain to study how head impact affects and damages the brain tissues. More 

conclusions are explained in the following: 

• Such a finite element model of helmet can be evaluated and validated using the 

experimental results. However, in order to minimize the error in the finite element 

model, the boundary condition should be defined exactly based on the experiment and 

input data should be measured and used independently using the standard 

experimental test. 

• Since results of the finite element analysis highly depend on the quality of the mesh, 

care should be taken in meshing CAD model. Preferably, hexahedron elements 

should be used to discretize the model into fine elements. It is even more critical in 

the simulations involving foam materials because they experience large deformations. 

• Satisfactory results proves that the commercially available code, LS-DYNA, can be 

utilized to simulate real-time experiments, especially when the doing the experiment 

is limited by financial costs and small number of samples. 
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CHAPTER 5 

FUTURE WORKS 

Although the recent advances in improving the design of football helmets have 

been effective in eliminating the hazards of head impacts in terms of the skull fracture, 

currently available football helmets are not successful in completely preventing 

concussion. It shows that there are deficiencies in the design of football helmets that 

should be resolved. 

While experimental studies have focused on statistically correlating the severity 

of head impacts to incident of concussion and its symptoms, finite element studies mostly 

study the effects of head impacts on brain tissues. It is critical to study how these impacts 

damage the brain tissues, and because of impossibility of studying these outcomes in real- 

life and limitations in using human cadavers, finite element modeling is an effective and 

reliable approach to gain better understanding of brain injuries such as concussion in 

American football players. This understanding, along with results of the experimental 

studies, can help improve the quality of football helmets. So, the following future works 

are proposed. 

• It is recommended to repeat the aforementioned experiment and use the impact 

surface proposed in NOCSAE standard. Since the material properties of this 

surface are available to input into the software, the impact simulations can also be 

repeated to reduce the errors of the FE model as much as possible. 

• A more robust approached can be used to improve the accuracy of the FE model. 

For example, material properties of the foams like their behavior under 

compression should be measured using standards  tests  and imported into the 
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model  rather  than  using  the  available  data  in  the  literature.  Moreover,  other 
 

reliable material models in LS-DYNA like 
 

*MAT_MODIFIED_CRUSHBALE_FOAM  or  *MAT_FU_CHANG_FOAM.  The 
 

advantage of these material models is that multiple load curves can be defined to take 

the strain-rate dependency into account. 

• Once the FE model of the helmet is improved and completely validated, it can be 

utilized along with finite element of the human brain in LS-DYNA. In this regard, 

different impact scenarios can be simulated to see how parameters like impact 

severity, impact location and impact direction would affect brain tissues 

• Considering different impact scenarios and their results on brain tissues can be used 

to improve the quality of the helmet in reducing the risk of concussion. 
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