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Most studies on football helmet performance focus on lowering head acceleration-related
parameters to reduce concussions. This has resulted in an increase in helmet size and
mass. The objective of this paper was to study the effect of helmet mass on head and
upper neck responses. Two independent test series were conducted. In test series one, 90
pendulum impact tests were conducted with four different headform and helmet condi-
tions: unhelmeted Hybrid III headform, Hybrid III headform with a football helmet shell,
Hybrid III headform with helmet shell and facemask, and Hybrid III headform with the
helmet and facemask with mass added to the shell (n¼ 90). The Hybrid III neck was used
for all the conditions. For all the configurations combined, the shell only, shell and face-
mask, and weighted helmet conditions resulted in 36%, 43%, and 44% lower resultant
head accelerations (p< 0.0001), respectively, when compared to the unhelmeted condi-
tion. Head delta-V reductions were 1.1%, 4.5%, and 4.4%, respectively. In contrast, the
helmeted conditions resulted in 26%, 41%, and 49% higher resultant neck forces
(p< 0.0001), respectively. The increased neck forces were dominated by neck tension. In
test series two, testing was conducted with a pneumatic linear impactor (n¼ 178). Four-
teen different helmet makes and models illustrate the same trend. The increased neck
forces provide a possible explanation as to why there has not been a corresponding
reduction in concussion rates despite improvements in helmets ability to reduce head
accelerations. [DOI: 10.1115/1.4034306]

Keywords: football helmets, head mass, helmet mass, upper neck forces, Hybrid III
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Introduction

Background. Football helmets in the early 1900s were made of
leather and included a marginal amount of padding. In the early
1970s, the National Operating Committee on Standards for Ath-
letic Equipment (NOCSAE) was formed and collaborated with the
Wayne State University to develop standards and biofidelic head-
forms for use in impact testing. Currently, the NOCSAE football
helmet standard for newly manufactured football helmets requires
the NOCSAE headform to experience a Gadd Severity Index
(GSI) of less than 300–1200 in drop tests to various locations on
the helmet [1]. The drop velocities range from 3.46 to 5.46 m/s.

Viano et al. [2,3] conducted two studies assessing the impact
performance of 17 models of football helmets spanning from the
1970s–2010. When compared to linear impactor tests of the
unhelmeted headform, there was, on average, a decrease of head
accelerations of 20%, 22%, 21%, and 33% for the 1970, 1980,
1990, and 2010 helmets, respectively. Of the helmets tested, four
modern helmets resulted in a significant reduction (10–20%) in
head response when compared to a baseline 1990s helmet. Viano
and Halstead [2] further reported that helmet increases in length
of 4.3 cm, in height of 7.6 cm, in width of 4.9 cm, and in mass of
1.18 kg (from 0.73 to 1.91 kg), on average, from the 1970 s to
2010 (Fig. 1).

Despite the advancements in football helmets in reducing head
accelerations, there has not been a similar reduction in the inci-
dence of concussion. The National Football League (NFL) data
indicate that from 1996 to 2001, there were on average 148 con-
cussions per season; in 2002–2007, there were 143 total concus-
sions per season [4]; and in the 2011–2014 seasons, the total
number of concussions was approximately 252, 261, 228 [5], and
202, respectively [6]. This suggests that other factors contribute to
the incidence of reported concussion.

Historically, various animal and human cadaver studies have
been conducted to assess the mechanism of concussion. Gurdjian

Fig. 1 Changes in helmet mass from the early 1970s until 2010
(Reproduced with permission from Viano and Halstead [2].
Copyright 2012 by Springer.)
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et al. [7] found that, for impacts to the occiput of dogs, the most
significant tissue changes were in the brain stem. Based upon their
review of biomechanical research, Gurdjian et al. [8] concluded
that concussion involves a distinct area of the brain, specifically,
the brain stem. Hodgson et al. [9,10] and Gurdjian et al. [11]
found high strains in the area of the foramen magnum in occipital
impacts to primates and dogs. Gurdjian et al. [12] and Hodgson
et al. [10] reported that impacts to the occiput of dogs caused the
brain stem and cerebellum to be extruded through the foramen
magnum and that dogs were more susceptible to concussion than
primates in these impacts. Hodgson and Thomas [13] also found
relative motion and strain in the craniocervical joint and brain
stem in primates when subjecting a brain hemisphere to rotational
and translational movement. He deduced that the strain in the
brain stem was due to stretching of the spinal cord. Ommaya et al.
[14] found that when the primates were wearing a cervical collar,
it was very difficult to concuss them. The collared primates sus-
tained head accelerations nearly twice as high as the uncollared
primates but without concussive symptoms. Denny-Brown and
Russell [15] conducted pendulum impacts to cats with the head
fixed or free to move upon impact. They found that when the head
was fixed, no concussion occurred; however, when the head was
free to move, a concussion did occur.

Animal studies [15,16] have monitored physiological changes
during concussive head impacts and have found changes in respi-
ration and heart rate. These are primary functions of the brain
stem [17]. This suggests that the reaction forces and moments at
the atlanto-occipital joint load the brainstem and midbrain and are
related to concussion.

When an impact occurs to the head, this results in an inertial
response of the head and helmet (mass of head and helmet and its
acceleration) causing upper neck forces to restrain the head. Based
upon the analysis of game film involving 182 severe helmet
impacts, Pellman et al. [18] found that most concussions (71%)
occurred as a result of impacts to the side or to the back of the
head, whereas the remainder (29%) occurred to the front or at an
oblique frontal angle. The peak inertial response of the struck
player’s head (head acceleration) occurs approximately 5–10 ms
after the initial impact, whereas the neck forces and moments in
the struck player build more gradually, with a peak occurring
20 ms or later after the initial impact [19]. An analysis of the rigid
body mechanics of the head [20] indicates that the location, direc-
tion, and magnitude of the impact force affect the linear and angu-
lar response of the head. These impact forces, the head response,
the head angular velocity, and the inertial properties of the head
and helmet all affect the upper neck reaction forces.

Research and performance standards to assess the effectiveness
of football helmets traditionally focus on headform response and
do not consider the upper neck reaction forces. Viano et al. [21]
recommended further study of the neck twist (z-axis rotation) and
neck tension after the impact has occurred, and their relation to
concussion since neck stiffness can affect headform delta-V.
Collins et al. [22] recently indicated that lower neck strength is a
significant predictor of the potential for concussion; however, Col-
lins recommended that further research is necessary to understand
why. Hardy et al. [23] monitored cadaveric brain response to
impact in helmeted and unhelmeted conditions and reported that
helmet use reduced linear and angular accelerations; however,
helmet use resulted in increased brain strain in the cerebrum. The
brain displacements relative to the skull were highest at the most
inferior location [24]. Breig [25] studied the biomechanics of the
central nervous system and found that kinematics related to elonga-
tion of the cervical spine resulted in tension occurring in the spinal
cord, brain stem, cerebellum, and fifth to twelfth cranial nerves.
These studies indicate that tensile forces from the neck could have
an effect on strain in the brain or be a cause for concussion.

The current study hypothesizes that the addition of the mass of
a helmet on a headform will result in an increase in upper neck
loads due to the helmet’s mass and inertia. The aim of this study is
to conduct impact testing, to assess the response of the head and

upper neck, and to investigate the effects of adding the mass of a
helmet to an unhelmeted Hybrid III headform and Hybrid III neck.

Materials and Methods

The impact locations in this study were developed based upon
the analysis of game films. Pellman et al. [18] studied 182 game
films of concussion and severe helmet impacts in the NFL. They
found that 29.3% of severe helmet impacts occurred to the face-
mask represented by impact locations A, A0, and A00 (Fig. 2).
Viano [26] found that 30.5% of these severe impacts occurred in
areas connecting the facemask to the shell (locations F, B, and
UT), and 40.2% occurred in the shell (locations C, D, and R).
Most of these impact locations are representative of the struck
player versus the player delivering the tackle.

Two independent test series were performed. The first test
series was performed at the McCarthy Engineering, Inc. (McCar-
thy) (Windsor, ON). This test series was conducted using the
same helmet, and the mass of the helmet was varied (1.3–2.3 kg)
to cover the range of masses found in modern football helmets
(Fig. 1) (1.5–2.3 kg). The same helmet was used to keep the
helmet-to-head boundary conditions constant. The second test
series was conducted at Biokinetics (Ottawa, ON). This test series
evaluated the performance of 17 different makes and models of
football helmets. The headform response data were presented pre-
viously by Viano et al. [3]. Upper neck forces were measured in
some of these tests, and the unhelmeted Hybrid III headform was
impacted at some of the impact speeds and locations, these results
were not previously published.

In the first test series (McCarthy), all the tests were conducted
using the same Riddell Revolution (size large) helmet with a
standard face mask. The helmet, which had been previously used,
had no damage other than superficial markings to the shell at the
commencement of this test series. A large-sized helmet was used
in accordance with the manufacturer’s fitting instructions which
indicated that this size is recommended for the circumference of
the Hybrid III head and based on the findings of Jadischke et al.
[27] which indicated that the large-sized helmet on the 50th per-
centile Hybrid III head is similar to the average volunteer fit. The
bladder in the jaw pads was inflated to just contact the jaw of the
headform. It was difficult to install the football helmet on the
Hybrid III headform due to the high friction between the padding
and the surface of the headform. A nylon stocking was placed
over the Hybrid III headform to reduce the friction at this interface
and to provide a more realistic response of the helmet on the head-
form. This is consistent with NFL helmet testing [3,28].

Four mass conditions were studied: (1) The unhelmeted Hybrid
III headform (4.54 kg), (2) the helmet shell and padding with no
facemask on the Hybrid III headform (5.80 kg), (3) the helmet
shell, padding, and facemask on the Hybrid III headform
(6.46 kg), and (4) the helmet shell, padding, and facemask, with
350 g of lead tape added to the inside surface of the shell on the
Hybrid III headform (6.81 kg). For the last case, the helmet pad-
ding was removed, and 350 g of 1.0 mm thick lead tape was

Fig. 2 Locations for linear impact to the shell and facemask
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distributed evenly within the gap between the padding and the hel-
met shell. The lead tape was fixed to the helmet shell, and the pad-
ding was replaced over top of the lead tape.

The struck Hybrid III headform and Hybrid III neck were
mounted to a linear slide table that was free to move upon impact
with only bearing-slide friction, similar to that described by Pell-
man et al. [29]. The mass of the slide table and bearings was
20.5 kg without the Hybrid III head, neck, and instrumentation.
The helmet, when used, was fitted onto the Hybrid III headform
with the brow pad positioned approximately 2.54 cm (1 in.) above
the top of the nose. This location was marked at the beginning of
the testing and used as a reference for all the tests. The chin strap
was attached so that it fit snugly over the Hybrid III chin. This
chin strap tightness was set at the beginning of testing, and the
straps were marked. After each test, the chin straps were inspected
for any evidence of their becoming unbuckled or loose. The chin
strap was subsequently unbuckled and the helmet repositioned in
preparation for the next test. There were no provisions for the
replacement of the facemask in this testing. In the higher energy
facemask impacts (A and B), slight facemask deformation was
noted. The helmet itself was inspected after individual tests, and
no damage occurred.

These tests were conducted using a pendulum impactor with an
arm radius of 1.58 m and ballasted to approximately 31 kg
(Fig. 3). The impactor mass was similar to the pendulum dis-
cussed by Pellman et al. [28]. The target impact speeds were
4.1 m/s and 5.2 m/s. These impact speeds result in headform delta-
Vs that are representative of typical NFL game impacts [27].
A Hybrid III headform was mounted on the pendulum arm via a
rigid neck and fitted with a Riddell VSR-4 helmet (size large) to
simulate a helmet-to-helmet impact. Each of the described impact
configurations was repeated three times (n¼ 90). The test matrix
for this test series is illustrated in Table 1. The testing was con-
ducted using a blocked approach. At a given helmet condition and
impact location, the impacts were first conducted at 4.1 m/s then at
5.2 m/s. The impact location was then changed. After each impact,
location and speed were tested, the helmet condition was then
changed, and this was repeated until the test matrix was complete.

The struck Hybrid III headform was instrumented with a DTS
6DX-PRO 2000-18K system2 mounted to a machined mounting

block to measure linear acceleration at the center of gravity of the
headform. The system was capable of measuring rotational veloc-
ity; however, the data-acquisition system inadvertently clipped
the rotational velocity data and it could not be used. A six-axis
upper neck load cell3 for a 50th percentile male Hybrid III dummy
was also used. The data were acquired at 10 kHz using a National
Instruments cDAQ-9178 data-acquisition system and were filtered
using an anti-aliasing hardware filter. Head accelerations were
digitally filtered at CFC 180, upper neck forces were filtered at
CFC 1000, and upper neck moments were filtered at CFC 600
using the algorithm defined in SAE J211. An optical encoder (Cel-
esco Model CH25-2048) mounted on the pendulum arm was used
to trigger the data-acquisition system and to calculate the linear
impact velocity of the headform. High-speed video was recorded
at 1000 frames per second for, at minimum, two tests per impact
location and condition.

The methods of the second test series are described in detail by
Viano et al. [3]. In short, this test series was conducted using the
Biokinetics linear impactor impacting a Hybrid III headform and
neck that was mounted to a linear slide table. The Hybrid III head-
form was equipped with nine single axis accelerometers in a 3-2-
2-2 configuration and a six-axis upper neck load cell. The data
were collected at a 10 kHz sampling rate and filtered with an anti-
aliasing hardware. The head linear acceleration data were then
digitally filtered with CFC 180 filtering, and the rotational acceler-
ations and velocities were calculated [30]. The entire test matrix
included 17 football helmet make and models, impacted at eight
locations (F, A, A0, B, UT, C, D, and R) and speeds of 5.5, 7.4,
9.3, and 11.2 m/s. In 14 of these helmets, the upper neck loads
were measured. The unhelmeted Hybrid III headform was tested
at impacts speeds of 7.4 and 9.3 m/s for impact locations C and D.
The subset of data, including the 14 helmets wherein upper neck
forces and moments were measured and the unhelmeted Hybrid
III headform was tested, is presented in this paper. In this test
series, each of the 14 helmets was impacted two times at impact
location D at 7.4 m/s (n¼ 28) and 9.3 m/s (n¼ 28). At impact
location C, the helmets were impacted two times at a speed of
5.5 m/s (n¼ 28) and 7.4 m/s (n¼ 28) and four times at a speed of
9.3 m/s (n¼ 56). The unhelmeted headform was impacted two
times at each impact location and speed (n¼ 10). A total of 178
tests were conducted.

The average and standard deviation of the peak headform linear
acceleration, peak headform delta-V, peak headform rotational
velocity (for Biokinetics test series only), and peak upper neck
forces and moments, as well as headform linear momentum, were
calculated across each impact location, condition, and speed. The
mean difference and the 95th percentile confidence intervals of
the difference for each of the helmeted conditions when compared
to the unhelmeted headform were computed across all the impact
locations. In the first test series, the differences between the unhel-
meted Hybrid III headform and each of the helmeted headform
conditions were assessed using a paired sample, two-tailed,
student-t test, assuming no variance of the mean values. A
p< 0.05 was considered significant.

Results

Table 2 summarizes the test data from the first test series.
A Supplemental Material, which is available under the
“Supplemental Materials” tab for this paper on the ASME Digital
Collection, is also provided with the data from each individual
test. Across all the impact locations and speeds, the resultant head
acceleration for helmets with no facemask, with facemask, and
with 350 g added mass was reduced by an average of 26.2 g
(36%), 32.3 g (43%), and 33.0 g (44%), respectively, when com-
pared to the unhelmeted headform (p< 0.0001). The resultant
headform delta-V was reduced by 0.06 m/s (p¼ 0.704), 0.23 m/s
(p¼ 0.017), and 0.23 m/s (p¼ 0.034), respectively, which equates

Fig. 3 Computer 3D model of the pendulum test setup

2www.dtsweb.com 3www.mg-sensor.de

Journal of Biomechanical Engineering OCTOBER 2016, Vol. 138 / 101008-3

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/biom

echanical/article-pdf/138/10/101008/6094227/bio_138_10_101008.pdf by N
icholas Esayian on 21 April 2022

http://dx.doi.org/10.1115/1.4034306
www.mg-sensor.de
www.mg-sensor.de


to an average reduction of headform delta-V of 1.5%, 4.6%, and
4.5%.

Conversely, the helmeted headform conditions sustained higher
resultant upper neck forces and moments in all the impact condi-
tions. Across all the impact locations and speeds, the addition of

the helmet resulted in an increase of resultant upper neck forces of
26%, 41%, and 49%, respectively (p< 0.0001). Neck tension (Fz)
increased significantly (p< 0.0001) as mass was added to the
headform. The resultant upper neck moment also increased with
helmet mass by 12%, 20%, and 32%, respectively (p< 0.02). The

Table 2 Results from test series one pendulum impact testing. The mean difference and 95th% confidence intervals were com-
puted using a paired samples analysis.

Headform Upper neck forces Upper neck moments

Impact
location

Helmet
condition

Impact speed
(m/s)

Acceleration
(g)

DV
(m/s)

Lin. momentum
(kgm/s)

Fx
(N)

Fy
(N)

Fz
(N)

Resultant
(N)

Resultant
(N�m)

Location A Unhelmeted 4.1 61.4 4.43 20.10 623 375 339 719 41.0
5.2 99.9 6.30 28.62 882 460 670 975 59.2

No facemask 4.1 — — — — — — — —
5.2 — — — — — — — —

Helmet 4.1 36.0 4.33 27.95 783 461 625 1023 59.5
5.2 53.6 6.01 38.82 987 632 1194 1569 77.7

Helmetþ 350 g 4.1 35.3 4.46 30.34 741 504 649 1050 62.1
5.2 56.5 5.99 40.82 908 761 1294 1637 77.6

Location B Unhelmeted 4.1 59.4 4.42 20.07 370 652 468 751 42.9
5.2 82.5 5.96 27.07 472 853 895 1065 56.5

No facemask 4.1 32.2 4.55 26.39 438 766 641 991 56.8
5.2 62.8 6.29 36.49 459 898 1122 1407 79.4

Helmet 4.1 31.9 4.31 27.86 354 959 664 1088 75.8
5.2 40.6 5.57 36.01 404 1118 1200 1491 88.6

Helmetþ 350 g 4.1 29.4 4.29 29.19 342 1021 595 1127 84.0
5.2 44.5 6.00 40.86 464 1331 1119 1598 109.8

Location C Unhelmeted 4.1 65.7 4.35 19.75 91 543 538 673 34.7
5.2 87.8 5.84 26.51 186 739 948 1083 44.5

No facemask 4.1 39.5 4.35 25.21 99 583 733 912 35.5
5.2 55.9 5.83 33.80 169 791 1257 1416 51.0

Helmet 4.1 37.5 4.35 28.09 177 608 809 1012 24.7
5.2 53.4 5.77 37.29 304 809 1420 1601 47.4

Helmetþ 350 g 4.1 39.1 4.33 29.48 133 676 801 1019 33.7
5.2 51.8 5.65 38.45 286 844 1518 1709 47.9

Location D Unhelmeted 4.1 61.7 4.49 20.40 690 396 501 880 55.8
5.2 84.7 6.03 27.38 1000 497 936 1413 75.4

No facemask 4.1 41.8 4.14 24.04 696 435 733 1085 52.4
5.2 52.2 5.58 32.37 924 526 1079 1507 72.0

Helmet 4.1 38.2 4.09 26.44 633 457 828 1129 46.1
5.2 53.4 5.53 35.72 941 566 1364 1737 70.1

Helmetþ 350 g 4.1 35.5 4.01 27.33 758 478 915 1263 50.9
5.2 47.2 5.25 35.77 1055 539 1408 1832 74.5

Comparison to
unhelmeted

No facemask Mean difference �26.2 �0.06 6.19 �4 53 213 242 6.2
95% upper CI �23.2 0.28 9.35 21 73 243 286 11.0
95% lower CI �29.2 �0.40 3.02 �29 34 184 198 1.4

p <0.0001 0.704 <0.0001 0.763 0.354 <0.0001 <0.0001 0.017
Helmet Mean difference �32.3 �0.23 8.54 58 120 351 386 10.0

95% upper CI �28.8 �0.09 9.59 119 157 399 436 17.1
95% lower CI �35.8 �0.37 7.49 �3 83 304 337 2.9

p <0.0001 0.017 <0.0001 0.068 <0.0001 <0.0001 <0.0001 0.009
Helmetþ 350 g Mean difference �33.0 �0.23 10.29 47 205 375 460 16.3

95% upper CI �30.2 �0.05 11.66 69 268 448 514 24.8
95% lower CI �35.8 �0.41 8.93 25 142 303 405 7.8

p <0.0001 0.034 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.001

Table 1 Pendulum impact test matrix. Four headform conditions, four impact conditions (A, B, C, and D), and two impact speeds
(4.1 and 5.2 m/s). Total number of tests 5 90.

Condition Unhelmeted No facemask Helmet Helmetþ 350 g

Helmet and headform mass (kg) 4.54 5.8 6.46 6.81

Velocity (m/s) 4.1 5.2 4.1 5.2 4.1 5.2 4.1 5.2
A 3 3 — — 3 3 3 3
B 3 3 3 3 3 3 3 3
C 3 3 3 3 3 3 3 3
D 3 3 3 3 3 3 3 3
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difference in shear neck loading (Fx and Fy) in the unhelmeted
headform compared to the helmeted conditions was not as great;
however, it was significant in most conditions.

Table 3 summarizes the results from the second test series and
illustrates the averaged results across all the impact speeds. Addi-
tional tables are provided under the “Supplemental Materials” tab
for this paper on the ASME Digital Collection, for the individual
impact speeds. The 14 helmets tested resulted in differences for
the unhelmeted condition when compared to the various helmet
makes and models. These helmets followed the same trend as
seen in the first test series. The mass of the helmets resulted in an
average increase in head mass of 42% (64%). The head accelera-
tion was reduced by 30.5 g (614.6 g) which equates to a reduction
of 23% (66%). Delta-V was reduced by 0.9 m/s (60.6 m/s), and
rotational velocity was reduced by 3.8 rad/s (63.8 rad/s). This
equates to a 13% (66%) and 7% (67%) reduction in delta-V and
rotational velocity, respectively. This resulted in an increase of
linear momentum of the headform of 24% (68%) and increases
in the resultant upper neck forces (32% (613%)), upper neck
tension (44% (620%)), and resultant upper neck moment (29%
(618%)).

Discussion

Figure 4 illustrates an example unhelmeted and helmeted
impact for location C. During an impact to the unhelmeted head-
form, the peak resultant accelerations occur in the initial 10 ms of
the collision. In the example case shown, these accelerations are
primarily acting laterally (y-axis) on the headform. The bimodal
lateral acceleration is due to the striking helmet padding

compression and the helmet moving on the headform. The accel-
erations result in the unhelmeted headform reaching a peak delta-
V, in this case, approximately 12–13 ms after the impact occurred.
As the headform begins to rotate, the resultant acceleration
reduces and the upward (z-axis) acceleration of the headform
dominates the acceleration pulse during the time 10–20 ms after
impact, with its peak occurring at 13 ms. The upward acceleration
of the headform, relative to the neck, and its subsequent motion
result in the increase of the upper neck forces and the headform
pulling the neck and sled (or torso in the case of a player) along
with it. Due to the rotation of the headform, the peak neck forces
are primarily due to neck tension and occur at approximately
13 ms.

The helmeted impact results in substantially lower resultant
head accelerations, with the resultant unhelmeted head accelera-
tions in this case being 88 g versus the helmeted impact reaching a
peak of 56 g. This occurs due to compression of the helmet pad-
ding and the headform accelerations occurring over a longer
period of time. The longer acceleration pulse results in the peak
upward accelerations of the head occurring later (17 ms versus
13 ms) and the peak headform delta-V also occurring later (28 ms
versus 13 ms). The peak headform delta-V was only reduced by
0.07 m/s (5.85 m/s, unhelmeted versus 5.78 m/s, helmeted). In the
helmeted case, the neck forces increased when compared to the
unhelmeted case and occurred at approximately 24 ms.

The three helmet conditions resulted in an increase of head
mass of 28% (5.80 kg), 42% (6.46 kg), and 50% (6.81 kg) when
compared to the unhelmeted headform (4.54 kg). The headform
delta-V was only reduced by 1.5%, 4.6%, and 4.5% across all the
impact locations and speeds. This resulted in an increase in the

Table 3 Results from test series two linear impactor testing

Impact
location Helmet

Helmet
mass
(kg)

Total
mass
(kg)

Acceleration
(g)

DV
(m/s)

Rotational
velocity
(rad/s)

Linear
momentum

(kgm/s)

Resultant
neck force

(N)

Neck
tension
(Fz) (N)

Resultant
neck

moment (N�m)

Location C Hybrid III—head 0.00 4.54 124.5 7.14 50.4 32.4 1759 1398 49.6
Helmet A 1.50 6.04 109.9 6.79 47.1 41.0 2937 2747 70.3
Helmet B 1.59 6.13 98.6 6.94 48.8 42.5 2971 2761 72.2
Helmet C 1.84 6.38 93.5 6.68 49.1 42.6 2277 2050 72.7
Helmet D 1.84 6.38 101.4 6.78 49.7 43.3 2340 2076 68.1
Helmet E 1.85 6.39 101.2 6.55 44.5 41.8 2382 2225 74.6
Helmet F 1.85 6.39 106.1 6.74 47.6 43.1 2273 2207 69.3
Helmet G 1.91 6.45 102.4 6.50 43.8 41.9 2357 2232 70.7
Helmet H 1.93 6.47 86.4 6.40 42.3 41.4 2397 1988 69.1
Helmet I 1.98 6.52 100.0 6.87 45.8 44.8 2739 2206 77.4
Helmet J 1.99 6.53 85.8 6.25 39.6 40.8 2361 1881 68.9
Helmet K 2.00 6.54 89.0 6.34 41.1 41.5 2382 1754 70.6
Helmet L 2.06 6.60 86.5 6.55 47.0 43.2 2123 2176 73.1
Helmet M 2.08 6.62 87.3 6.57 49.2 43.5 2184 2559 83.9
Helmet N 2.19 6.73 87.8 6.35 45.0 42.7 2030 1696 66.3

Location D Hybrid III—head 0.00 4.54 138.2 8.56 56.9 38.9 2251 1820 86.7
Helmet A 1.50 6.04 112.4 7.37 60.8 44.5 2812 2305 97.4
Helmet B 1.59 6.13 119.0 7.33 55.4 44.9 2925 2358 101.6
Helmet C 1.84 6.38 105.8 7.13 58.1 45.5 2882 2419 97.2
Helmet D 1.84 6.38 121.0 6.99 57.8 44.6 2813 2389 91.0
Helmet E 1.85 6.39 107.4 7.33 53.0 46.8 2978 2363 111.6
Helmet F 1.85 6.39 117.3 7.10 58.9 45.3 2836 2603 95.4
Helmet G 1.91 6.45 122.8 7.09 51.7 45.8 2738 2504 102.1
Helmet H 1.93 6.47 96.7 6.71 49.1 43.4 2899 2442 97.8
Helmet I 1.98 6.52 109.4 6.74 52.9 43.9 2833 2479 106.0
Helmet J 1.99 6.53 106.6 6.46 52.0 42.2 3003 2448 91.5
Helmet K 2.00 6.54 92.2 6.54 51.5 42.8 2795 2397 97.9
Helmet L 2.06 6.60 107.5 7.40 53.9 48.8 3028 2393 104.8
Helmet M 2.08 6.62 107.9 7.33 59.8 48.5 2999 2510 102.5
Helmet N 2.19 6.73 101.7 6.74 50.7 45.3 2344 2053 78.2

Comparison to
unhelmeted

Mean difference �30.5 �0.90 �3.84 8.7 641 742 19.6
95% upper CI �25.9 �0.72 �2.65 9.6 733 842 22.3
95% lower CI �35.0 �1.08 �5.03 7.8 548 641 16.9

p <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
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headform momentum. The increased headform momentum caused
higher resultant upper neck forces, which increased by 26%, 41%,
and 49% across all the impact locations and speeds. The increase
in upper neck forces corresponded to the increase in mass of the
headform due to the helmet (Fig. 5). The increase in upper neck
forces was primarily the result of an increase in neck tension.

In location D, an impact to the rear of the helmet, the resultant
upper neck forces did not increase as substantially as at other loca-
tions. In this location, helmet rotation relative to the headform
was noted and since the chin strap is located on the front of the
helmet it would experience a reduction in loading relative to side
and oblique impacts. Since the helmet becomes decoupled from
the head to a greater degree in this impact orientation, this results
in a lower delta-V and momentum of the headform and a smaller
increase in upper neck forces. Locations A, B, and C result not
only in the helmet remaining more tightly coupled to the head-
form but also in higher delta-Vs than at impact location D.

Figure 6 illustrates the acceleration and delta-V from the unhel-
meted headform compared to the helmet and facemask condition

in the 5.2 m/s impacts. These data illustrate that the helmeted con-
ditions reduce peak head accelerations by increasing the duration
of the acceleration pulse. Due to the increase in duration of the
acceleration pulse, a corresponding increase in time occurred until
the maximum delta-V was achieved in all the impact conditions.

An increase in the upper neck forces and moments occurred
with the addition of the helmet onto the headform. The increase in
mass of the headform exceeded the reduction in delta-V of the
headform. This resulted in an overall increase in the momentum
of the headform. As the momentum of the headform increased,
the upper neck forces also increased to restrain the head and hel-
met onto the neck. The maximum upper neck forces occurred after
the peak acceleration of the headform and corresponded more
closely to the time at which delta-V and headform momentum
reached their maximum (Fig. 7).

The reaction forces on the upper neck act to restrain the head
to the neck. Therefore, it was expected that the tensile forces in
the upper neck would be primarily affected by the additional
mass of the helmet. This effect is evident in these tests. The
additional mass of the head due to the helmet increased the
momentum of the headform and the forces acting on the upper
neck.

For test series two, the data for the 14 helmets in which upper
neck loads were measured indicate that the helmet increased the
overall head mass by 42% (64%) (Fig. 8). In impact location C,
this resulted in an average reduction in head linear acceleration of
23% (66%) and an average increase in resultant upper neck force
of 37% (615%). The greatest increase in neck forces was
observed in neck tension (Fz) which resulted in an average
increase of 56% (623%). The percentage increase in neck loads
was greatest at the lower impact speeds. The lower speed impact
(5.5 m/s) increased the upper neck tension by a greater magnitude
(198% 6 68%) than the higher speed impacts (9.3 m/s) which
resulted in an increase of neck tension of 30%612%. This sug-
gests that the increase may be due to the helmet remaining more
tightly coupled to the head in the lower speed impacts; however,
this effect was not fully investigated in this study. Since the higher
impact speeds are representative of professional football impacts

Fig. 4 The relationship between head kinematics and neck forces in an unhelmeted and helmeted, location C impact

Fig. 5 A comparison of the percentage increase in head mass
(versus the unhelmeted headform) to the percentage increase
in upper neck forces. A least-squares fit was conducted
through the average data.
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resulting in concussion in open field helmet-to-helmet collisions,
this indicates that during more frequent, subconcussive impacts in
professional football, the percentage increase in tensile neck loads
is substantial.

High school and youth football helmets also have a similar
mass to the helmets presented herein. However, in comparison to
collegiate or professional football players, youth-aged players
have, on average, less head mass and weaker necks, based on
anthropometric and tolerance data [31]. Collins et al. [22] found
that neck strength was a significant predictor of concussion in
high school athletes. The findings of the current study suggest
that, for a given impact speed, if upper neck loading contributes to
concussion, youth football players, who are less conditioned than
professionals, would have a higher potential for concussion while
wearing professional level helmets due to their reduced neck
strength. The weaker neck strength of younger athletes would pro-
vide less restraint of the head on the neck. As a result, for a given
upper neck force an athlete with a weaker neck would have
greater movement of the head relative to the body. As Breig [25]
has indicated, this has the potential of generating tension in the
brain stem, cerebellum, and cranial nerves. Cranial nerve symp-
toms are some of the most common symptoms in concussion as

reported in NFL studies [4]. Therefore, this could increase the
potential for concussion symptoms in young athletes.

The improvements to helmets to reduce head accelerations
have resulted in increases in helmet mass, size, and, therefore,
inertia from the 1970s to the present. These helmets would be
expected to increase the loading on the upper neck, as was
observed in this study. Hardy et al. [23,24] reported that a Riddell
VSR4 helmet on a cadaver reduced head accelerations and did not
affect head angular speed but increased brain strain in the cere-
brum. The present study has confirmed that using a helmet
reduces head accelerations, and the second test series illustrated
that there is only a small reduction in rotational velocity (7%
(67%)); however, adding the mass of the helmet to the head
results in an increase in resultant upper neck forces and, specifi-
cally, neck tension. Increases in neck tension could result in an
increase in brain strain by exerting forces on the brain stem.
Hodgson and Thomas [13] also deduced that shear strain in the
brain stem was due to stretching of the spinal cord. Various other
studies have reported strain in the brain stem [9–11] as well as
downward movement of the brain stem through the foramen mag-
num [12,13]. It has also been shown that neck tensile forces result
in the highest spinal cord strains in the upper cervical spinal cord

Fig. 6 Average resultant acceleration and delta-V for the headform being struck with no
helmet compared to the condition with the headform wearing the baseline helmet and
facemask. Data are presented for impact conditions A, B, C, and D.
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[32] that is continuous with the brain stem. Therefore, it is
expected that, as upper neck forces (and cervical spinal cord
strains) increase, a corresponding increase in brain stem strain
would also occur [25].

Since improvements in helmet design to reduce head accelera-
tion have not resulted in a corresponding decrease in the reported
incidence of concussion, a possible explanation is that the inci-
dence of concussion may not entirely relate to the magnitude of
head acceleration. Forces in the upper neck may be a factor. There
may be other factors related to concussion, such as angular veloc-
ity of the head [23]; however, angular velocity of the head can
also result in forces and moments in the upper neck. This study
postulated that upper neck forces may be related to concussion. If
that proves to be true through further research, then upper neck
loads should be considered in the evaluation of concussion risks
and in the development of protective equipment.

The limitations of this study must be recognized. This study
was performed using the Hybrid III headform and Hybrid III
neck. The Hybrid III headform provides a biofidelic response;
however, it is not human so, tissue level strains cannot be
assessed. Additionally, the Hybrid III has a neck simulating some
muscle tensing but there is no active musculature in any of the
current test dummies. The effects of active and passive neck

Fig. 7 Average headform momentum and resultant upper neck forces for the headform being
struck with no helmet compared to the condition with the headform wearing the baseline hel-
met and facemask. Data are presented for impact conditions A, B, C, and D.

Fig. 8 Summary of increase in headform effective mass and per-
centage change in headform acceleration, delta-V, momentum,
resultant upper neck forces, and neck tension for the 14 helmets
(average 6 std dev) at impact speeds of 5.5 m/s, 7.4 m/s, and 9.3 m/
s. The data are summarized from Viano [2,3] for impact location C.
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musculature were not investigated in this study since this would
require a comprehensive and biofidelic finite-element model of
the human, which was beyond the scope of this parametric study.
As such, this study was conducted to alert the biomechanics com-
munity of the potential relationship of helmet and head mass and
concussion, and it is not meant to imply that helmet and head
mass are responsible for concussion.

The Hybrid III dummy was designed for frontal impact testing;
however, the Hybrid III head and neck are regulated for frontal
(FMVSS 208) and rear (FMVSS 202) impact testing where head
and neck criteria are specified for comparison to tolerance levels.
In addition, the Hybrid III head and neck are used on various dum-
mies for side impact testing, and Piziali et al. [33] found that the
head and neck were reasonable for rollover testing where a range
of oblique head impacts and neck responses can occur. NOCSAE
helmet certification standards do not currently specify a neck to
be used. For research purposes, the current standard for head
impact testing related to helmet performance appears to be the
Hybrid III head and neck and it has been used extensively in
impact testing related to helmet performance and boxing punches
[2,3,26,27,34,35]. The Hybrid III head and neck is a reasonable
tool for the type of parametric testing done in this study.

For the first test series, we chose a single helmet with added
mass to limit the amount of variables, such as helmet inertia, fit,
chin strap design, and padding style. In test series two, an increase
in forces at the upper neck was also found across the 14 different
makes and models of helmets when compared to the unhelmeted
headform. The effects of other helmet boundary conditions, such
as, padding to headform friction, helmet fit, and chin strap effects,
were not investigated in this study; however, the test data from the
14 different makes and models of helmets suggest these may play
a role. In addition, the base of the neck was fixed to the linear
slide; in a human, the torso is free to rotate. The effects of this
boundary condition were not investigated in this study.

A motivation for this study was to understand whether the
forces and moments at the atlanto-occipital joint could be contrib-
uting to concussion in football since a reduction in concussions in
the NFL has not been observed from 1996 until the present. The
definition of a concussion is evolving, as are the means to diag-
nose the various signs and symptoms. There is also an increased
emphasis on concussion education and awareness leading to
increased identification and reporting. In addition, players may be
getting bigger and faster at a pace that is masking the benefits of
improved helmets. At the same time, rule changes and the reduction
of direct hits to the head may be responsible for a reduced number
of injuries. All of these factors, and others, confound the trends in
concussion rates in professional, collegiate, and high school data.

Recommendations

This study added three different conditions of helmet mass on
the Hybrid III headform and investigated the head response and
upper neck forces in comparison to the unhelmeted condition. Pre-
vious data raise the question as to whether the acceleration of the
head is a sufficient biomechanical correlate to concussion and
whether, by itself, it is the best metric for helmet performance
evaluation. Since the precise mechanism of concussion remains
unknown, it is recommended that all of the forces acting upon the
head be measured, evaluated, and monitored. It is encouraged that
further research be conducted into this area. If upper neck forces
are contributing to the mechanism of concussion, the current hel-
met performance criteria should be re-evaluated.
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