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Introduction 
The number of athletes participating in collision sports is constantly 

growing. It is estimated that 1.28 concussions result from every 1000 
contact exposure in collegiate and NFL games [1]. These account for 
50% of all concussion statistics, with a further 25% of all concussions 
attributable to other sports [2]. This translates to 1.6-3.8 million sports 
related concussions per year in the United States [3]. When football 
player do experience an injury suspected of causing a concussion, 
current protocols allow them to return to the field if they have no loss in 
memory or cognition despite the more than doubled risk of concussion 
chance in short term, repeated impacts [4]. Additionally, there is no 
commonly accepted method to conduct concussion evaluation when 
dealing with players who have had repeated concussions [3]. 

It is well known that concussions, especially when repeated, 
can cause changes in thinking and mental aptitude. In more serious 
impacts, concussions and other forms of traumatic brain injury (TBI) 
are a leading cause of death from sporting related injuries [5]. It is also 
believed that both genders are equally prone to concussions, with males 
experiencing most concussions in football and females experiencing 
most concussions in soccer than other sports [2]. During an impact, 
force is evoked which causes a rotational force to propagate through 
the head and into the neck. Studies show average football impacts 
commonly range between 5654 and 7608 N [6]. Impacts exceeding a 
g-force of 70 or higher indicate for moderate concussion [7]. Pressures
on the brain in excess of 234 kPa in compression or 186 kPa in tension
can cause hematoma, contusions, and oedema [8].

Since children under 14 or 15 years of age usually play with 
limited protection or used helmets, this age group would be expected 
to be more prone to concussion. Few studies have studied the injury 
biomechanics of youths based on their body weights, velocities 
they achieve, equipment properties, and how often they collide. 
This is partially due to the variation in the body weight, height, and 
ambulatory power present in children as they grow. Additionally, there 
is little literature regarding the duration over which an impact’s force is 
dissipated, complicating models. This paper seeks to understand how 

initial conditions of velocity and weight transform into g-forces in an 
impact before transferring to the brain for adults and children. 

Methods 
Anatomical properties of both children and adults were used in 

the simulation of a football collision. Adults were assumed to collide 
with a player of average mass traveling at the same speed as the test 
subject. Published data from 300 players composed of running backs 
and wide receivers from the 2012 roster were selected from the 32 teams 
in the NFL and their weights and 40 yard dash velocities were recorded. 
Speeds and weights were fit to a normal distribution and a Monte Carlo 
simulation was performed to predict the results of 500 collisions. The 
weight and velocity measurements were subjected to a Shapiro-Wilk 
test for normality in which insufficient evidence was found to reject 
normality in both cases (P=0.6853). In the case of youth simulations, 
a 50th percentile, 10 year old male was used as the target, with both 
players in a collision assumed to be traveling at the average velocities 
of children for their age as simulated by Sterken [9]. Collisions were 
simulated for children ranging from 50th to 90th weight percentiles 
from the ages of 10 to 15 years old. For simulation purposes, it was 
also assumed that the helmets used by the children reduced forces 
identically to that of helmets used by the NFL due to lack of research 
into specific properties of said equipment. 

The helmet used here was of a weight typical to football helmets (1.4 
kg) was and assumed to be irrotational to the head. The force at impact 
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was obtained through analyzing the momentum of helmet collisions 
using an Arrhenius model of energy absorption, seen in equation 1, 
with the assumption of a linear elastic case. Stiffness data was taken 
from a standard Riddell helmet which had a foam padding thickness 
of 0.66 cm and a total padding area of 24.2 cm2 [10]. F is the maximum 
force at the point of impact. The reduced force and g-force at impact 

values are the forces experienced after transfer through the helmet. M1 
and M2 represent the mass of the players colliding. V is the velocity 
of the player on whom the forces are being calculated [11]. R is the 
average radius of the players head. A is the area of impact, which was 
considered a constant value of 10 cm2 for this study. T is time measured 
in milliseconds. The angular acceleration and angular velocity were 
calculated using the first cervical vertebra (C1) as a pivot point as it 
provides the majority of the rotation to the skull [12]. By summing 
the different stiffnesses of the helmet shell, padding, and cranium, the 
total force transferred to the brain was determined by equation 2. A 
is the cross-sectional area of the material, E is the Young’s Modulus 
of the material, L is the length of the material, and ∆L is depth of the 
deformation. Once the force felt on the brain was found, the reduced 
g-force was found by relating the incoming force and the reduced force.
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Players were also analyzed using the Head Injury Criteria (HIC) 
for traumatic brain injury. The HIC equation was simplified for this 
by assuming a constant acceleration to get HIC = (t2-t1) a2.5, where t1 
and t2 are the start and end times respectively, and is the acceleration. 
After the HIC score was found for each impact, that data was converted 
into an injury chance using a normal distribution with a mean of 533 
and a standard deviation of 91.94. This injury threshold delineates the 
expected values for a moderate brain injury, with anterograde amnesia 
lasting between 30 minutes and 24 hours and a Glasgow Coma Scale 
score between 9 and 12 [13]. Thresholds for more minor brain injury 
were not used as exact values for this are debated in literature, partly 
due to the fact that such injuries may not be apparent. 

Results 
NFL and collegiate players 

The data generated by the governing equations of the Arrhenius 
model of energy absorption formed a novel rheological model of the 
system. The rheological model recreates the layers of the helmet in 
the form of a piston, dashpot, and spring mechanism. The resultant 
stiffness of the system was thus the summation of the stiffness of each 
component as seen in Figure 1. The sum of all the different material’s 
stiffnesses was a value defined as Ω. 

Using these equations, a 15.45% decrease in the original force was 
found. The reduced force data predicted by the model was verified 
against the observed impact data by Moss and King in Figure 2. A 
paired-t test shows no significant evidence for difference between the 
data (P=0.947). 

Using the Monte Carlo simulation, the likelihood of an impact 
reaching a certain force threshold was found after analysis of 1,000 
generated data points based on the weights and velocities of NFL 
players. Normal and Weibull distribution models were used to display 
the frequency of each hit in terms of g-force given a two millisecond 
collision time in order to more easily see the effect of anatomical 
characteristics. The shape and scale parameters of the Weibull graph, 
α and β, were 7 and 134 respectively. The normal distribution had 
a mean and standard deviation of 125 and 20 respectively. It can be 
seen in Figure 3 that the g-force distribution from Moss and King was 
consistent with the normal distribution found here (P=0.6333). 

Figure 1: Dashpot and spring diagram of force absorption.

Figure 2: Rheological data vs. normal distribution for 2 ms collisions.
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Figure 3: Injury probability based on Monte Carlo simulation with a 2 ms 
impact time.
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The HIC data generated from the players’ masses and velocities 
listed in NFL charts were analyzed using the rheological force model 
to determine the real world correlation of the input terms on the 
prospective injury outcome. Initially, an effort was made with this data 
to choose a time value for the impact duration that resulted in data with 
a center of 50% injury rates to avoid saturation of data points. Weight, 
velocity, and impact duration were adjusted until a change in the injury 
rate of 1% was detected to yield sensitivity profiles for each statistic. The 
values needed to change the injury rate from the 50% mark for weight, 
velocity, and time were 0.360 kg/% injury, 0.007 (m/s)/% injury, and 
-0.0040 ms/% injury respectively. These values imply that a decrease in 
0.36 kg, a decrease of 0.007 m/s, or an increase in the impact duration of 
0.0040 ms would change what would have been a collision with a 50% 
risk of concussion to a collision with a 49% risk of injury. 

Figure 4 shows this process using the theoretical equations for injury 

based on impulse duration, weight, and velocity of NFL players, with 
one of these values held constant for each graph. Time was held constant 
at a level that showed the distribution of injury chance for weights and 
velocity (7 ms). Weight and velocity were held at physiological values 
based on average NFL player’s weights and velocities from obtained the 
NFL datasheets (97.7 kg, 8.05 m/s). Figure 5 shows this effect with the 
variable in question isolated. The plots center each variable at the 50% 
threshold for injury, and the rate at which the derivative of the injury 
chance tends to zero corresponds with the sensitivity of the statistic in 
the calculations. 

Based on these results, risk values for a moderate head injury due to 
a helmet to helmet hit were developed in Table 1. The weight and velocity 
values were found by finding the impact duration that corresponds with 
the known injury rate (0.128%) in the NFL and collegiate football and 
using that value for calculations [14]. The time risk value was created 
by finding the time that yields a 50% injury risk at average weights and 
velocities of NFL players. This value was found to be 6.56 ms. 

Youth players 

The equations used for adult players were also extrapolated to 
predict minimum injury values with youths ranging in age from 10 to 15 
years old, although it should be noted that actual injury thresholds may 
vary based on the efficacy of the equipment used. Injury calculations 
were made for collisions upon a 50th percentile weight, 10 year old 
of similar sex to the collider. The colliders were assumed to have the 
average velocities for their age and ranged from 50th to 90th percentile 
in terms of weight for ages 10 to 15. The impulse duration required to 
evoke a certain probability of injury was found for collisions involving 
each unique weight percentile and age combination. Calculations 
showed threshold impact durations for a 50% injury chance to be 3.38 
ms for a 90th percentile weight, 15 year old male and 2.48 ms for a 
10 year old, 50th percentile male. The same inputs for females give 
values of 3.45 ms and 3.00 ms respectively. Data points for a 10% risk 
level were graphed for males in Figure 6. It was found that for a given 
impact, female children are theoretically slightly more likely to receive 
a concussion than males based on average weights and velocities in all 
cases studied except 14 year old, 60th percentile, and 15 year old 50-
80th percentile weights. 

Figure 4: Change in injury chance given changes in velocity, weight, and 
time.

Figure 5: Time, velocity, and weight values corresponding to risk values.

velocity weight
time (ms) (m s

-1
) (kg)

10% risk 6.59 7.74 83.3
50% risk 6.37 8.07 101.1
90% risk 6.18 8.471 119.9

Sensitivity 0.0040 0.007 0.360

Table 1: Time thresholds for impact to evoke injury chance in male youths.

Figure 6: Time thresholds for impact to evoke 10% injury chance in male 
youths.
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Discussion
NFL and collegiate players 

NFL data analysis using injury chance data derived from HIC scores 
revealed a 50% injury rate prediction for concussion in a direct helmet 
to helmet collision for velocities of 8.07 m/s and weights of 101.1 kg. 
Additionally, lowering the impact duration in the NFL by 0.19 ms (6.37 
ms) given average weights and velocities set the injury chance to 50%. 
Using these values, injury sensitivity analysis, seen in Figure 5 could be 
conducted. It can be concluded that the velocity and impact duration 
are highly correlated with injury chance and play the most significant 
roles on the outcome of a collision. A change in the velocity by just 0.007 
m/s causes a deviation of 1% down from 50% injury levels. The same 
numbers for weight and impact duration are 0.360 kg and -0.004 ms, 
meaning that shorter impact duration increases the chance of injury. 
Using standard SI units, this shows that the velocity of a player has a 51 
times larger impact on concussion risks than weight. Implications of 
this finding suggest that a player in a helmet to helmet collision with a 
high velocity, such as during a full sprint or leap, is at an especially high 
risk for head injury when compared to slower impacts.

While velocity was shown to be the key player variable for brain 
injury, injury calculation was shown to most sensitive to a collision’s 
impulse duration. This statistic is closely tied to the helmet and its 
materials. Sub-par or out of date helmets where the padding has 
worn down would greatly increase the risk of injury. Based on these 
sensitivity values, it can be concluded that concussion chance can be 
greatly lowered by discontinuing the use of older, worn out helmets, as 
well as by incentivizing tackles with lower relative velocities between 
the players. 

Youth players 
The durations of an impact needed to cause injury in children, as 

seen in Figure 6, are significantly lower than those found in the NFL data 
due to the much lower weights and velocities. However, the equipment 
used by youths is often secondhand or otherwise substandard, so the 
ability of a helmet used by youths to prevent forces from reaching the 
brain may be lower than that of an NFL helmet. Additionally, because 
of the substandard equipment, the impact duration over which forces 
are dissipated may be decreased. Both the increase of transmitted force 
and the decreased impact duration would result in a more dangerous 
collision and increased chances of injury development. 

As a child grows, the concussion risk was found to increase, both 
due to an increase in weight and average velocity. Since growth and 
average weights and velocities vary between the two sexes, this also 
predicts a slight difference in concussion risk between males and 
females given identical impacts, with females experiencing a slightly 
greater risk than males for most stages of development. Because of 
this discrepancy, testing should be conducted to see if both sexes are 
adequately protected given a collision. 

Conclusion
The analysis here shows the risk associated with concussion in 

contact sports with possible head to head collisions. Monte Carlo 
simulation of 2 ms duration NFL collisions gave a range of impacts 
that approximated a normal distribution with a mean of 125 g’s and 
standard deviation of 20 g’s. Using the rheological model of force 
reduction generated here, impacts were translated into injury chances 
based on the weight, velocity, and duration of impact. Analysis of these 
factors revealed the values that yield a 50% injury chance to be 6.37 ms, 
8.07 m/s, and 101.1 kg. 

Sensitivity analysis showed the amount by which these values must 
change to evoke a 1% injury chance change about these mean values to 
be 0.360 kg/% injury for weight, 0.007 (m/s)/% injury for velocity, and 
-0.0040 s/% injury for time. Thresholds for youths showed a 50% injury 
chance to be 3.38 ms for a 90th percentile weight, 15 year old male 
and 2.48 ms for a 10 year old, 50th percentile male. The same inputs 
for females give values of 3.45 ms and 3.00 ms respectively. Overall, 
females were predicted to be slightly more sensitive to concussion due 
to average weights and velocities. 
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