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Introduction: Concern has grown over the potential long-term effects of
repeated head impacts and concussions in American football. Recent advances
in impact engineering have yielded the development of soft, collapsible, liquid
shock absorbers, which have demonstrated the ability to dramatically attenuate
impact forces relative to existing helmet shock absorbers.

Methods: To further explore how liquid shock absorbers can improve the efficacy of an
American football helmet, we developed and optimized a finite element (FE) helmet
model including 21 liquid shock absorbers spread out throughout the helmet. Using FE
models of an anthropomorphic test headform and linear impactor, a previously
published impact test protocol representative of concussive National Football
League impacts (six impact locations, three velocities) was performed on the liquid
FE helmet model and four existing FE helmet models. We also evaluated the helmets at
three lower impact velocities representative of subconcussive football impacts. Head
kinematics were recorded for each impact and used to compute the Head Acceleration
Response Metric (HARM), a metric factoring in both linear and angular head kinematics
and used to evaluate helmet performance. The head kinematics were also input to a FE
model of the head and brain to calculate the resulting brain strain from each impact.

Results: The liquid helmet model yielded the lowest value of HARM at 33 of the 36
impact conditions, offering an average 33.0% (range: —37.5% to 56.0%) and 32.0%
(range: —2.2% to 50.5%) reduction over the existing helmet models at each impact
condition in the subconcussive and concussive tests, respectively. The liquid
helmet had a Helmet Performance Score (calculated using a summation of
HARM values weighted based on injury incidence data) of 0.71, compared to
scores ranging from 1.07 — 1.21 from the other four FE helmet models. Resulting
brain strains were also lower in the liquid helmet.

Discussion: The results of this study demonstrate the promising ability of liquid
shock absorbers to improve helmet safety performance and encourage the
development of physical prototypes of helmets featuring this technology. The
implications of the observed reductions on brain injury risk are discussed.
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Introduction

Sports and recreation can present a considerable risk of brain
injury, with an estimated 1.6 to 3.8 million mild traumatic brain
injuries, or concussions, occurring annually in the United States as a
result of participation in these activities (Langlois et al., 2006).
American football, in particular, presents a significant risk for
concussion relative to other sports (Lincoln et al., 2011; Kerr
et al, 2019). At the elite level of play (i.e., the National Football
League (NFL)), one study found that the risk of concussion between
the 2015 and 2019 seasons was 7.4% per player per season on
average (Mack et al, 2021). In another study, single season
concussion risks in youth, high school, and collegiate American
football were found to be as high as 3.53, 9.98, and 5.54% per player
per season, respectively (Dompier et al, 2015). Sport-related
concussion can be followed by physical, behavioral, somatic, and
cognitive symptoms (McCrory et al,, 2017) that can last from the
span of days, weeks, or even months as post-concussion syndrome
(Broshek et al., 2015). Furthermore, while more research is required,
several studies have found associations between concussion history
and later life cognitive impairment and neurodegenerative disease
development (Manley et al., 2017). Aside from the health risks,
concussion can also have negative effects on athlete performance,
career longevity, and salary earnings for professional American
football players (Navarro et al, 2017). Therefore, concussion
prevention remains a prevalent focus of sport policy changes and
protective equipment innovations in the sport.

Even in the absence of diagnosed concussions, American
football athletes are prone to sustaining repeated, subconcussive
head impacts during their regular practices and competitions
(Karton et al., 2020; Cecchi et al., 2021; Choi et al., 2022; Marks
et al,, 2022). Subconcussive head impacts, broadly, are those which
are not of great enough magnitude to result in a clinically diagnosed
concussion, but may still contribute to detectable short or long-term
health effects (Mainwaring et al., 2018). The accumulation of
subconcussive head impacts has been associated with both acute
and chronic neurological consequences (Mainwaring et al., 2018),
including development of neurodegenerative disease (Russell et al.,
2021). Further,
subconcussive head impacts have been associated with various

in American football players specifically,
indicators of brain changes, including those observed via imaging
studies (Davenport et al, 2016; Foss et al., 2019), changes in
oculomotor function (Joseph et al., 2019), and changes in levels
of serum biomarkers of brain injury (Joseph et al., 2018). Therefore,
attenuation of subconcussive impacts, in addition to concussion
prevention, has become a recent priority in improving long term
athlete brain health.

In an effort to reduce the risk of head and brain injury, protective
helmets are required to be worn at all levels of American football
competition. Helmets have evolved dramatically since their first
introduction to the sport (Levy et al., 2004; Viano and Halstead,
2012) and presently consist of a variety of shock absorbing
technologies with differing mechanisms for energy absorption
and force attenuation (Hoshizaki et al, 2014; Dymek et al,
2022). Notably, some modern technologies include viscoelastic
foams, buckling beams and structures, gas chambers, and 3D
printed lattices. Helmet impact velocities range considerably in
American football (Bailey et al., 2020a); to best protect an athlete
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from concussive and subconcussive head impacts, a helmet should
be designed such that it can meaningfully attenuate impacts of both
low and high velocities. However, current testing standards and
rankings for helmets place emphasis on the ability of helmets to
attenuate the magnitude of impacts associated with diagnosed
concussions or more serious injuries (ie., skull fractures)
(Rowson and Duma, 2011; Bailey et al.,, 2020b; NOCSAE, 2021).
While it appears that progress has been made in reducing the
incidence of concussion and skull fractures as a result of some of
these testing protocols (Viano and Halstead, 2012; Bailey et al,
2020a), a concern exists that these protocols may result in helmets
only being optimized for peak performance upon high velocity
impacts representative of concussions. An ideal helmet shock
absorber would perform optimally across the entire range of
impact velocities that an athlete is exposed to, inclusive of both
concussive and subconcussive impacts.

An ideal shock absorber performs fundamentally different from
existing foams, solid structures, and gas-based technologies. In
practice, many of these existing technologies exert a force based
on the amount they are compressed, leaving them prone to high
spikes in reaction force when they reach maximum compression or
“bottom out” (Fanton et al., 2020). The impact force profile of an
ideal shock absorber, on the other hand, displaces through its full
stroke at a constant force, which scales based on the speed and
energy of an impact speed (Baumeister et al., 1997; Spinelli et al.,
2018; Vahid Alizadeh et al,, 2022). Research has suggested that, in
the context of a protective helmet, a constant force profile is optimal
for preventing brain injury (Vahid Alizadeh et al., 2021). While gases
and solids have yet to achieve such a response that is capable of
scaling with impact velocity, prototype and computational models of
liquid shock absorbers have demonstrated promising results on
achieving a force profile near to that of an ideal shock absorber
(Fanton et al., 2020; Vahid Alizadeh et al.,, 2021; Vahid Alizadeh
et al.,, 2022).

In addition to being used for modeling of shock absorbing
technologies, finite element (FE) modeling has been used to
investigate brain injury risk and advance the state-of-the-art of
helmet technology (Dymek et al., 2022). Validated FE models of
helmets and laboratory testing equipment have been developed to
simulate laboratory impact tests of helmets (Bustamante et al., 2019;
Corrales et al., 2020; Decker et al., 2020; Giudice et al., 2019; Giudice
et al., 2020; Vahid Alizadeh et al., 2021), enabling researchers and
helmet manufacturers to rapidly iterate designs and estimate the
performance of helmets before engaging in large scale
manufacturing. Further, the head kinematics resulting from these
simulated impacts can be used as input to validated FE models of the
human head and brain to estimate the brain strain resulting from
impacts (Madhukar and Ostoja-Starzewski, 2019). Use of these
computational tools can reduce cost, time, and difficulty in
bringing new helmet technologies to market and aid in
identifying the most promising technologies to prevent brain
injury. In a previous study, an FE model of a helmet design
utilizing theoretically idealized liquid shock absorber elements
suggested a dramatic reduction in concussion risk was possible
with this technology, but a method of manufacturing such a helmet
was not explored and performance under lower velocity impacts was
not studied (Vahid Alizadeh et al., 2021). Development of further,
more advanced FE models of liquid shock absorbing technology
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FIGURE 1
Arrangement of liquid shock absorbers in helmet finite element model.

could enable full helmet systems to more quickly reach consumers
and reduce injury risk among the American football athlete
population.

The objective of this research study was to use FE modeling to
investigate the potential for a liquid-based shock absorber to improve
the ability of American football helmets to attenuate the severity of both
concussive and subconcussive head impacts in American football. To
do this, we developed a helmet assembly with liquid-based shock
absorbers integrated throughout it that would be feasible for
physical re-creation. Further, we used a FE model of the human
head and brain to determine not only the effect of this technology
on brain injury risk metrics based on head kinematics, but also on the
resulting brain strain from the simulated impacts.

Materials and methods
Liquid shock absorber design

The liquid shock absorber utilized throughout this study was
modeled as a cylinder that can decelerate an impact mass in its axial
direction (Figure 1), which was inspired by the cylindrical liquid
shock absorber originally modeled by Vahid Alizadeh et al. (2022).
In an impact, the top surface of the cylinder is pressed downwards,
and the liquid inside is forced to flow through the orifice. The liquid
passing through the orifice yields a pressure drop before and after
the orifice, defined by Eq. 1:

ap =Y (1)

- 2C3A2

Where p is the fluid density, Q is the volumetric flow rate, Cy is
the orifice discharge coefficient, A, is the orifice area, and Ap is the
pressure differential, p — p,, where p is the fluid pressure inside the
liquid shock absorber and p, is the atmospheric pressure
downstream of the orifice. Because the pressure at the outlet of
the orifice is the same as the atmospheric pressure, the inner
pressure of the shock absorber is higher, which can yield a
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LIQUID SHOCK ABSORBER

DIAMETER: 31.7mm
HEIGHT: 28.5mm

resultant force to decelerate an impact mass. Furthermore, it
should be noted that the pressure drop is also decided by the
orifice area, which indicates that the resultant force can be easily
tuned by modifying the orifice area.

A plain-weave high-strength fabric is used as the side wall of the
shock absorber to constrain localized bulging and avoid rupturing of the
side wall during impact while also allowing the shock absorber to be
fully compressed. Carbon fiber shells are used for the top and bottom
end caps of the cylinder to provide lightweight, rigid constraints at both
ends of the shock absorber, enabling it to hold its cylindrical shape
during impact. Water is used to fill the shock absorber and dissipate
impact energy. The fabric side wall and carbon fiber end caps are
nonporous, and the connection between the fabric and the end caps are
modeled as sealed connections; therefore, fluid can only be discharged
through the orifice. The orifice area is tuned to optimize helmet
performance, which will be introduced later.

The height of the shock absorber was set to 28.5 mm, which was
chosen to ensure that it could fit within the space between the scalp
of the head and the shell of an American football helmet. To avoid
axial buckling during impact, a larger diameter of the cylindrical
shock absorber is better. However, smaller diameters are also
favorable, considering that the shock absorbers are distributed
across the scalp, which is a curved surface. Therefore, based on
these two considerations, a diameter slightly larger than the height
(31.7 mm) was adopted. A thickness of 0.6 mm was adopted for the
side wall fabric, and a thickness of 2 mm was used for both end caps.

The liquid shock absorber was modeled as quadrilateral shell
elements in LS-DYNA. Because the fabric can be bent freely, the
side wall of the shock absorber was modeled by fully integrated
Belytschko-Tsay membrane shell elements, which only have one
integration point in the thickness direction and neglect the bending
effect. Furthermore, multiple material angles were included to represent
the different weaving directions of the fibers. *“MAT_FABRIC was used
to model the fabric material, which has a density of 777 kg/m’,
longitudinal modulus of 76 GPa, transverse modulus of 0.6 GPa, and
shearing modulus of 0.8 Gpa (Vahid Alizadeh et al.,, 2022). The side wall
was meshed by 1,292 elements with an average length of 1.5 mm. The
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top and bottom caps were modeled by Belytschko-Tsay shell elements
with two nodes in the thickness direction. The *MAT_ ELASTIC was
adopted to model the material, which has a density of 2000 kg/m’,
Young’s modulus of 200 GPa, and Poisson ratio of 0.23. A cap was
meshed by 292 elements with an average length of 1.5 mm. The side
wall and end caps were connected by sharing nodes.

The effect of the orifice was modeled by *AIRBAG_LINEAR _
FLUID_ID, which exerted pressure on the internal surface of the
shock absorber according to the mass rate of the flow (Eq. 2):

1, = sign(Ap)CaA,[2pAp]"* (2)

As mentioned earlier, Ap is the pressure differential, p — p,, where
p is the pressure inside the shock absorber and p, is the atmospheric
pressure downstream of the orifice, or the back pressure. This back
pressure plays the role of returning the fluid to the shock absorber after
an impact has occurred. Upon the completion of impact loading, the
pressure inside the shock absorber, or the upstream pressure, is lower
than the back pressure and this negative pressure differential returns the
fluid back into the shock absorber.

An internal incompressible fluid with water properties was used as
the liquid inside the shock absorber (bulk modulus is 2.2 Gpa, density is
1,000 kg/m?), and a discharge coefficient of 0.7 was used (Fanton et al,,
2020; Vahid Alizadeh et al., 2022). The water was modeled as a control
volume and no mesh was associated with the fluid part, but the inertia of
the liquid was included. The orifice area is a key parameter determining
the impact dissipation performance of the helmet. Orifice areas ranging
from 10 to 200 mm’ in increments of 5mm?’ were adopted
homogeneously for all shock absorbers in the helmet model and
subjected to the NFL helmet test protocol (Bailey et al, 2020b,
details of this test protocol are described in the following Helmet
Performance Testing section). The Helmet Performance Score (HPS,
see the calculation of HPS in the following Helmet Performance Testing
section) was calculated for every orifice area to represent the risk of
brain injury when the player is wearing that helmet. The HPS was found
to increase when the orifice was too small (<40 mm®) or too large
(>70 mm?) and remained relatively constant within these bounds
(Supplementary Figure S1). Therefore, we adopted an orifice area of
59 mm?, which corresponded the lowest level of HPS when evaluating
HPS in orifice area increments of 1 mm® between 40 mm” and 80 mm®
(Supplementary Figure S2). It should be noted that small variations
could be observed between simulations of the same orifice area when
evaluated in the two separate optimizations, likely due to small
numerical errors.

Helmet assembly

A previously validated, open-sourced FE model for the Vicis
Zerol helmet (Giudice et al., 2020) was used as the base model for
our full helmet assembly, and we modified the VICIS Zerol helmet
to test the helmet performance improvement afforded by integration
of liquid shock absorbers. The original Vicis Zerol dissipates impact
energy by the buckling of elastic beams, which were removed. The
material of the outer helmet shell was changed to a carbon fiber
(with the same properties as the shock absorber end caps). The
carbon fiber was substantially stiffer than the original helmet
material and, therefore, could involve more shock absorbers
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during the impact due to its limited local deformation. The
remaining parts of the helmet were kept the same as the original
helmet model: the original facemask, chin pad, and chin strap were
adopted in the liquid helmet model.

To integrate the cylindrical liquid shock absorbers into the full
helmet system, we first fixed three shock absorbers onto a triangular
bottom shell made of 2 mm thick carbon fiber (forming a “tripad”).
To fix a shock absorber on the bottom shell, a set of 8 nodes evenly
distributed about the circumference of the bottom cap of the shock
absorber were rigidly connected to 8 nearby nodes in the bottom
shell by *CONSTRAINED_NODAL_RIGID_BODY, which
constrains every degree of freedom of nodes to be the same. We
used seven tripad assemblies spread out throughout the helmet to
protect the head from impacts at various locations: one at the front,
one at the lower back, one at the upper back, and a lower and upper
side tripad on each side of the helmet (Figure 1). This resulted in
21 liquid shock absorbers integrated throughout the helmet. For
each of the tripads, the geometry of the bottom carbon fiber shell
was decided by the skull, such that the surface of the Hybrid III
ATD headform was extracted and cut into the triangular shells.
Then, the triangular shells were offset against the skull as the
bottom shell for the tripads. The exact shape of the shock absorber
tripad shell and the location of shock absorbers within each tripad
assembly varied such that shock absorbers would be distributed
evenly around the skull and symmetrically with respect to the
sagittal plane of the head. Finally, adjacent tripads were connected
by elastic beams with a cross-sectional area of 19.6 mm® A
relatively soft material (Young’s modulus: 10 GPa, density:
1,631 kg/m?, Poisson ratio: 0.4) was used for the elastic beams,
allowing the tripads to shift for better fitting to the head. The total
mass of the helmet was determined to be 2.03 kg.

Helmet Performance Testing

The single-precision solver of LS-DYNA (Is-dyna_smp_s_
r1010_x64_redhat5_ifort160) was used to perform all helmet
simulation experiments. The efficacy of the liquid helmet was
tested with a validated, open source model of a linear impactor
and 50th percentile male Hybrid IIT anthropomorphic test device
headform (Giudice et al., 2019). The model used was made to
replicate the equipment used in the NFL’s Helmet Test Protocol
(Bailey et al, 2020a). In these tests, a Hybrid III headform is
equipped with a helmet and is impacted at a controlled speed by
a ram. The impactor consists of a hard end cap and a soft foam,
which is meant to represent another helmeted head. The total mass
of the impactor is 15.6 kg. The headform was connected to a 50th
percentile male Hybrid IIT neck, which was fixed to a plate that can
only slide freely in the direction of the impact ram. The relative
location between the impactor and headform, as well as the angles of
the headform, could be adjusted to achieve different impact
locations and  directions. A set of gyroscopes and
accelerometers were modeled at the center of the headform to
measure the six-degree-of-freedom head kinematics (i.e., angular
velocities and linear accelerations) resulting from impacts. The
whole testing process has been modeled in FE (Giudice et al,
2019) and is also used in evaluating physical football helmets
(Bailey et al., 2020b).
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FIGURE 2

Impact testing locations. C: Side, D: Oblique Rear, SU: Side Upper, OF: Oblique Front, FMS: Facemask Side, FMCO: Facemask Central Oblique.
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FIGURE 3

eee
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Finite element models of American football helmets tested in simulation. Each model s fit to the 50th percentile male Hybrid Il head and neck finite
element model. Helmet shells are set to 50% transparency for visualization of interior shock absorbing technology.

Testing was completed according to the NFL’s Helmet Test
Protocol. In this test protocol, there are six impact locations: Oblique
Front (OF), Side (C), Side Upper (SU), Oblique Rear (D), Facemask
Side (FMS), and Facemask Central Oblique (FMCO) (Figure 2) and
three impact speeds: 5.5, 7.4, 9.3m/s (Bailey et al, 2020a).
Considering that this test protocol was developed primarily to
replicate concussive head impacts, three lower speeds (1.6, 3.4,
5.0 m/s) representative of average impact velocities (inclusive of
injurious and noninjurious impacts) (Bailey et al., 2020b) were also
included for testing, and are referred to as subconcussive impact
tests. In addition to the liquid helmet model designed in this study,
four previously created, open-source football helmet FE models were
also tested under the same impact conditions, including: the Riddell
Revolution Speed Classic, the Vicis Zerol (Giudice et al., 2020), the
Schutt Air XP Pro (Decker et al, 2020), and the Xenith X2E
(Corrales et al, 2020) (Figure 3). The masses of each of these
helmets were measured in LS-DYNA as 1.86, 2.12, 1.71, and
1.74 kg, respectively.

Similar to the NFL Helmet Test Protocol, Head Injury
Criterion (HIC) (Versace, 1971) and DAMAGE (Gabler et al.,
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2019) and HARM (Bailey et al., 2020a) were calculated for all
impact conditions. These metrics were calculated using the head
kinematics filtered with a cut-off frequency of 300 Hz. In three
impact cases, the VICIS helmet model erroneously terminated
prior to the completion of the impact event and therefore these
cases have lower values of injury risk metrics than if the
simulation had completed in full; these cases are labeled in the
appropriate figures. The percentage reduction in HARM afforded
by the liquid helmet relative to each existing helmet model was
calculated. A Helmet Performance Score was calculated for each
helmet using a weighted sum of HARM values from the
concussive impact tests, with each HARM value being
weighted according to the NFL’s Helmet Test Protocol (Bailey
et al., 2020b).

In addition to these kinematics-based metrics, we also calculated
the expected strain on the brain tissue to show how different helmet
technologies affect the human brain. In this study, the Global
Human Body Model Consortium (GHBMC) head and brain
model was used (Mao et al., 2013). The double-precision solver
of LS-DYNA (Is-dyna_smp_d_r1010_x64_redhat5_ifort160) was
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FIGURE 5

Helmet Performance Scores calculated from the NFL Helmet

Test Protocol's concussive impact tests for each of the five helmets
tested.

used to perform all brain strain simulations. Its skull was modified to
act as a rigid body. The filtered head kinematics were assigned to the
rigid skull as the loading to deform brain tissue, and the 95th
percentile maximum principal strain (MPS95) across the whole
brain was calculated for every time point of each simulation
(Figure 4). The 95th percentile of maximum principal strain
across the whole brain was used instead of the maximum
principal strain to avoid the influence of extremely high values
caused by numerical errors. Then, peak values of MPS95 across the
full time history of each impact were recorded to represent the
severity of brain deformation.
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Results

Overall, the liquid helmet vyielded the lowest Helmet
Performance Score (0.71), compared to the other four helmet
models (VICIS = 1.07, Riddell = 1.10, Schutt = 1.21, Xenith =
1.15) (Figure 5). The liquid helmet yielded the lowest value of
HARM at 33 of the 36 tested impact conditions, with 3 velocities
at the FMCO location being the only conditions in which the liquid
design did not outperform all of the existing helmet models. Relative
to all helmet models, HARM reductions afforded by the liquid
helmet averaged 32.0% (range: -2.2%-50.5%) at concussive velocity
impact cases and averaged 33.0% (range: -37.5%-56.0%) at
subconcussive velocity impact cases (Figure 6).

MPS95 values for each helmet at each impact condition can be
found in Figure 7A, 7B, for the concussive and subconcussive impact
tests, respectively. HIC, DAMAGE, and HARM values for each
helmet at each impact condition can be found in Supplementary
Figures S3, 4, for the concussive and subconcussive impact tests,
respectively.

Discussion

In this study, we developed a FE model of a helmet featuring
liquid shock absorbing technology with the goal of attenuating the
severity of concussive and subconcussive head impacts in American
football. Compared with four existing FE helmet models, our
simulation results demonstrate that liquid shock absorbers have
the potential to provide a considerable reduction in kinematics-
based brain injury criteria across a wide range of impact velocities
and impact locations. Using a FE model of the human head and
brain to investigate the effects of the liquid helmet on resulting brain
strains also suggested that dramatic attenuations of impact severity
could be achieved, which could be meaningful when considering
brain injury risk.

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1160387

Cecchi et al. 10.3389/fbioe.2023.1160387
0, H . . .
o HARM Reduction compared to: V VICIS R Riddell § Schutt X Xenith
C D SuU
ss+—V s . 5 50 ¥ S 50 iy
g ' s £ 5 3 g R
- - B w0 = g 3 40l
-l vl 3T KT r g 3
£ 30 L — 2 s04¥ g € 30
% o0l v E ] R vV £ 5
< 20 < 20 < 20
T T T
= 10 v =® 10 = 10
0 T T T T T T 0 T T T T T T 0 T T T T T T
16 34 50 55 74 093 16 34 50 55 74 093 16 34 50 55 74 093
Impact Velocity (m/s) Impact Velocity (m/s) Impact Velocity (m/s)
OF FMS FMCO
_§ 50— é 50 . § 40 —
S 40 v S 404+—s — S R
3 X B 3 v R B g 20
x 30 s ¥ x 30——§—n—,—v—g—x— « X
s R R R K K = K s od S
x5 R Z 5 4 46—5—5;
£ 3 £ s £ X
= 10 R 10—V x 20
o o 40 S
ad T T T T T T - T T T T T T - T T T T T T
16 34 50 55 74 93 16 34 50 55 74 93 16 34 50 55 74 93
Impact Velocity (m/s) Impact Velocity (m/s) Impact Velocity (m/s)
FIGURE 6

Reductions in HARM values afforded by the liquid helmet, relative to each existing helmet model at each impact condition. Positive values indicate

that the liquid helmet had a lower value of HARM relative to a given helmet, while negative values indicated that the liquid helmet had a higher value of
HARM. Asterisks denote instances in which impact simulations of the VICIS helmet model erroneously terminated prior to the completion of the impact
event. C: Side, D: Oblique Rear, SU: Side Upper, OF: Oblique Front, FMS: Facemask Side, FMCO: Facemask Central Oblique.

The liquid helmet model we developed yielded a substantially lower
value of Helmet Performance Score than any of the other FE helmet
models tested, reducing Helmet Performance Score by approximately
34% compared to the best previously existing FE helmet model. Helmet
Performance Score is the primary metric by which helmets are ranked
for safety according to the NFL (Bailey et al., 2020a), and it is used to
create an annual ranking of helmets that is published to all NFL athletes
and the general public each year. Helmet Performance Score is an
aggregate metric that combines the performance of helmets at various
impact conditions by weighting their value of HARM based on relative
risk of concussion incidence and then summing them together. The
highest weighted impact location in the Helmet Performance Score is
the Side Upper location, due to its high incidence of concussion in elite
game play (Lessley et al,, 2018). The liquid helmet model performed
particularly well at this location, offering improvements in HARM by a
range of 39%-50% across all concussive impact velocities, thus driving a
lower Helmet Performance Score. However, the liquid helmet did not
seem to compromise performance at concussive velocities at any
location as a result of this highly improved location, offering HARM
reductions at all but one of the concussive impact conditions (FMCO
74 m/s, 2% HARM increase relative to the Schutt helmet). Helmet
Performance Score, and the HARM, HIC, and DAMAGE values from
which it is derived, may be meaningful metrics to consider when
attempting to reduce injury incidence on the field; a recent study found
that Helmet Performance Score calculated from laboratory tests of
helmets was associated with on-field concussion incidence in NFL game
play (Bailey et al., 2020b). According to the data provided in that study,
a Helmet Performance Score of 0.71 would represent a substantial
improvement upon existing helmets. It should be noted that Helmet
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Performance Score is designed specifically for the NFL, and further
investigation is warranted to determine how our findings would
translate to a metric like Helmet Performance Score that was made
for the youth, high school, and collegiate levels of game play.
Nonetheless, other studies have found that helmets vyielding
improved laboratory performance (as defined by reductions in
kinematics-based brain injury risk metrics) have been associated
with reductions in on-field concussion incidence (Collins et al.,
2006; Rowson et al,, 2014) and preservation of brain white matter
(Diekfuss et al, 2021) at levels of game play lower than the elite,
professional level.

In American football, the number of subconcussive impacts
athletes sustain far outweighs the number of diagnosed concussions
in the sport (Cecchi et al., 2021; Choi et al., 2022; Marks et al., 2022).
However, despite the prevalence of low velocity impacts on the field,
helmets for this sport undergo limited testing for their performance
upon low velocity impacts. The accumulation of subconcussive
impacts has been associated with functional and microstructural
changes in the brains of male athletes (Mainwaring et al., 2018), and
in some cases has been associated with the development of
neurodegenerative disease (Russell et al., 2021). In our study, we
found that at different impact locations, the relative performance of
existing helmets often changed according to the impact velocity,
with some dramatic changes in relative performance at extreme ends
of the tested velocities (e.g., Schutt helmet at FMS location). This
suggests that the shock absorbing technologies in the existing
helmets may benefit from improvements to ensure a reliable
impact response across the wide range of low- and high-velocity
impact conditions. Similar to concussive impacts, the liquid helmet
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we developed offered large reductions in kinematics-based brain
injury risk metrics at nearly all subconcussive impact conditions.
These reductions could be meaningful for athlete brain health, as the
magnitude of head kinematics resulting from subconcussive head
impacts has been associated with various indicators of brain
structure and function in American football athletes (Joseph
et al., 2018; Joseph et al., 2019; Bartsch et al.,, 2020). The ability
of the liquid technology to outperform existing helmet models
across such a wide range of impact velocities (1.6 m/s to 9.3 m/s)
is likely owed to the ability of liquid-based shock absorbers to scale
their force response with impact velocity, rather than displacement
as many foam and gas shock absorbers do (Vahid Alizadeh et al.,
2021). In this respect, the liquid shock absorbers do not have to be
tuned for a single velocity or a narrow range of velocities, and can
perform efficiently across many impact velocities. Also similar to the
concussive impacts, the only conditions in which the liquid helmet
did not outperform all existing helmet models was at the FMCO
location. At this impact location, the chinstrap is in tension and a
portion of the impact force is transferred to the facemask. The Schutt
helmet performed best of all the helmets at the 1.6 m/s FMCO
impact condition, suggesting it had a facemask and chinstrap
assembly that was optimized for such impacts. Low velocity
impacts to the front of the facemask are particularly common for
linemen (Bailey et al, 2021). Future designs of liquid shock
absorbers and other helmet technologies should not be limited to
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interior shock absorbers only, and should consider the facemask,
chin strap (Spinelli et al., 2018), and other regions of the helmet for
potential safety improvements.

Kinematics from the simulated impacts were used as input to the
GHBMC FE model of the human head and brain (Mao et al., 2013) in
order to calculate brain strains. Similar to the kinematics-based brain
injury risk metrics, MPS95 was reduced in nearly all of the concussive
and subconcussive impact conditions. These reductions could be
clinically meaningful in improving brain health in American football
players. Using the GHBMC FE model and a combination of human and
primate brain injury data, Wu et al. (2022a) proposed a 50% risk
threshold for mild traumatic brain injury of 0.360 MPS95. In our
dataset, eleven of the concussive NFL impact conditions resulted in all
four of the existing FE helmet models exceeding this threshold.
However, the liquid helmet only resulted in an MPS95 value of
0.360 or greater in five of the impact conditions, suggesting that
utilizing a liquid helmet could result in a substantial reduction in
expected concussions in the NFL helmet test. Using different brain
injury criteria and a different helmet test methodology, a previous FE
model of a football helmet featuring liquid shock absorbers came to
similar conclusions that expected concussions could be dramatically
reduced relative to the same open-source FE helmet models (Vahid
Alizadeh et al, 2021). For milder head impacts, recent data has
proposed that blood brain barrier disruption can occur in sports in
the absence of any diagnosed brain injury (O’Keeffe et al., 2020).
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Although a strain threshold for blood brain barrier disruption based on
the GHBMC model has not yet been proposed, Shreiber et al. (1997)
proposed a maximum principal strain threshold of 0.188 for blood brain
barrier disruption based on FE modeling of a rat brain. In our
subconcussive impact tests, the four existing helmet models
exceeded an MPS95 value of 0.188 in eight of the impact
conditions, while the liquid helmet model only exceeded this value
in two of the impact conditions. While these results are encouraging,
they should be interpreted with caution, as definitive thresholds for mild
traumatic brain injury and blood brain barrier disruption remain
elusive, and thresholds based on strain are model-dependent.
Previous research has demonstrated that collapsible liquid shock
absorbers are capable of providing a near-ideal force profile that
scales with impact velocity (Fanton et al., 2020; Vahid Alizadeh et al.,
2022). The liquid shock absorber utilized in this study was inspired
by a previous cylindrical shock absorber designed by Vahid Alizadeh
etal. (2022), which exerts a reaction force on an impact mass while a
fluid contained within the shock absorber is passed through an
orifice. However, various material properties, the external
dimensions, and orifice size were modified from this previous
model for the purposes of integration to a football helmet.
Although other designs of liquid shock absorbers, such as
“volcano” or telescoping designs, have been shown to yield
higher force efficiencies than a cylindrical design in uniaxial,
individual unit tests (Fanton et al., 2020; Vahid Alizadeh et al.,
2022), it is unclear if these results would translate to a full helmet
system. The efficiency of those designs is highly dependent on a
precise, variable contact area, which may not be achieved when
multiple shock absorbers are engaged in an oblique impact, for
example, as would be experienced in a full helmet. Further, one of
the purposes of our study was to design a FE model of a helmet that
could reasonably be translated to a physical prototype;
manufacturing such precise, variable contact areas with a concave
side wall out of soft, collapsible fabrics could prove to be difficult.
There are a number of design aspects that should be considered
in future FE helmet models featuring liquid shock absorbers. First,
while the present study demonstrates the potential improvements
afforded by liquid shock absorbers being incorporated throughout
an entire helmet, benefits could still be granted by targeting a specific
location of a helmet or combining liquid technology with other
foams or structures. For example, the American football helmet
industry is moving towards position-specific helmets (Lessley et al.,
2020); designing a single helmet zone featuring liquid shock
absorbers that is targeted towards attenuating frequent impacts
unique to a specific position could enable a quicker path to
commercialization while maintaining meaningful benefits for
athlete safety. Further, our optimization of the orifice area in
each liquid shock absorber was homogeneous throughout the
entire helmet. Future designs could explore tuning orifice areas
and geometries for each specific impact location and could optimize
each orifice based on the level of play or player position. An
exploration of varying shock absorber geometries and varying
materials used for the tripad shells and elastic connections
between shells would also be worthwhile. Above all, a liquid
shock absorber has yet to be implemented into a physical
embodiment of an American football helmet. Any future design
directions should consider the product comfort, fit, robustness, and

manufacturing costs that are standard and expected in the helmet
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industry. While we strived to create a helmet architecture that could
be recreated in a physical prototype, not all of these aspects of design
were heavily considered in the model’s design.

Several limitations exist in the present study. First, time has passed
since the FE models of the existing helmets were developed. New
helmets have been manufactured that, in their physical embodiments,
have outperformed the helmet models that were tested in FE, both in
the NFL Helmet Test Protocol and other test methodologies. It
remains unknown how much of an improvement our liquid
helmet model would have offered if FE models of the latest, top-
ranking helmets were available. Further, despite being modeled into
the physics of the liquid shock absorber, we did not consider the actual
mechanism which would return liquid to the shock absorber after an
initial impact. American football helmets are built to withstand
multiple impacts, with reconditioning of helmets typically
occurring every one or two years. Therefore, a liquid shock
absorber design would likely need to meet these needs of the
football helmet industry by including a reservoir that contains and
returns the fluid to the shock absorber after an impact; without a fluid
return mechanism, the performance of the helmet would decrease
substantially upon subsequent impacts. Inclusion of a fluid return
reservoir may increase the mass of the helmet substantially. Despite
this, increased mass has been associated with improved helmet
performance in impact testing (McIver et al., 2023), so we do not
anticipate that such a modification would have negatively influenced
helmet performance. However, it remains unclear how much helmet
mass, rather than the physics of the liquid shock absorber, may have
contributed to the improved performance of the liquid helmet model
relative to the Riddell, Schutt, and Xenith helmet models, which all
had lower masses than the liquid helmet. Regardless, the liquid helmet
still demonstrated considerable improvements in performance over
the VICIS helmet, which had a greater mass than the liquid helmet,
indicating that mass alone did not dictate helmet performance.
Further, while increasing helmet mass seems to be associated with
improved brain safety according to impact tests, it remains unclear
how an increase in helmet mass would affect neck injury risk and
athlete comfort. Head shapes and sizes vary amongst athletes, and will
therefore likely place a different amount of prestress or pressure on the
shock absorbers within a helmet. Similar to the other FE models and
previous evaluations of these FE models, we did not consider this
potentially meaningful aspect of the helmet’s response to impact
(Giudice et al., 2020). Finally, the GHMBC model used to calculate
brain strains is limited in that it represents only a 50th percentile male.
The benefits offered by liquid technology could vary among different
brain sizes, which have been shown to yield different levels of injury
risk under similar loading conditions (Wu et al., 2022b). The GHBMC
is also just one of several currently available FE models of the human
head and brain, with some research suggesting that other FE models
more accurately represent human brain displacement measurements
than the GHBMC (Miller et al., 2017).

Opverall, the present study proposes a plausible architecture for a
full helmet system featuring liquid shock absorbers. The results of FE
simulations with this helmet and other helmet models suggest that
liquid technology has the potential to lower the risk of football-
related brain injury by attenuating kinematics-based brain injury
criteria and brain strains across a wide range of impact velocities.
These findings support the future fabrication of helmets featuring
liquid shock absorbers to validate these simulation results.
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