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Traumatic Head and Brain Injuries in Helmeted Motorcycle Crashes
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ABSTRACT - This study presents an analysis of 364 motorcycle helmet impact tests, including standard certified full-face,
open-face, and half-helmets, as well as non-certified (novelty) helmet designs. Two advanced motorcycle helmet designs that
incorporate technologies intended to mitigate the risk of rotational brain injuries (rTBI) were included in this study. Results were
compared to 80 unprotected tests using an instrumented 50" percentile Hybrid III head form and neck at impact speeds ranging
from 6 to 18 m/s (13 to 40 mph).

Results show that, on average, the Head Injury Criterion (HIC) was reduced by 92 percent across certified helmets, compared to
the unhelmeted condition, indicating substantial protection against focal head and brain injuries. However, findings indicate that
standard motorcycle helmets increase the risk of AIS 2 to 5 rotational brain injuries (r'TBI) by an average of 30 percent compared
to the unprotected condition, due to the increased rotational inertia generated by the added size and weight of the helmet. Advanced
helmets performed, on average, about 5 percent better than standard certified helmets. Non-certified or novelty helmets offer
inadequate protection against focal head and brain injuries, though they may offer some insight into rTBI protection.

The findings of this study also indicate a critical methodological deficiency in the oblique impact tests utilized in revised motorcycle
helmet standards, including ECE 22.06, Snell M2025, and FRHPe-02, which fail to correctly assess rTBI risk. This paper provides
recommendations for enhancing motorcycle helmet design to improve protection against rotational traumatic brain injuries.

KEYWORDS - Helmet; Brain injury; TBI; Rotational brain injury; Biomechanics; Motorcycle crash; Concussion; Diffuse
axonal injury, Subdural hematoma; Head injury; Skull fracture

INTRODUCTION current motorcycle helmets are only 37-42%
successful in preventing fatal injury >°. By reducing
peak linear forces acting on the head, it was believed
that the risk of rotational brain injuries (rTBI),
including cerebral concussion, diffuse axonal injury,
and subdural hematoma, would also be mitigated.
However, the biomechanical mechanisms of focal and
rotational brain injuries are unique. Contemporary
research shows that these mechanisms are poorly
correlated 7%, as verified by the current study.

Two fundamental epidemiologic studies have been
conducted into the causation of motorcycle accidents:
The Hurt study ! in North America and the MAIDS
study 2 in Europe. The COST 327 Report 3, which is
an extension of the MAIDS study, documents that
three-quarters (75%) of all helmeted motorcyclist
deaths are a result of injury to the brain. Linear forces
are the primary factor in 31% of fatal head injuries,
whereas rotational forces were found to be the

L . o
principal cause in over 60% of cases. Like most helmets, motorcycle helmets are modeled

after ancient military headgear, the purpose of which
is to protect against penetrating head injuries. All
impacts possess both linear and oblique components,

While the helmet is considered the most effective
means of rider protection “, studies indicate that
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a second skull, diffusing impact forces over a larger
surface area, while the liner, typically constructed of
expanded polystyrene (EPS), compresses to reduce
translational forces. However, a mechanism to
mitigate tangential forces is absent in standard
helmets. Since the liner fills the entire inner surface of
the shell and is immobile, rotational inertia-induced
tangential forces are transmitted directly to the brain.

In the United States, motorcycle helmets are certified
by manufacturers to comply with Federal Motor
Vehicle Safety Standard (FMVSS) #218 (also known
as DOT certification) !°. Testing includes helmeted
head impacts onto flat and hazard anvils at impact
speeds up to 6 m/s (13.4 mph). Motorcycle helmets are
considered acceptable according to this standard if
recorded peak linear accelerations do not exceed 400g,
do not exceed 200g for more than 2.0 milliseconds,
and do not exceed 150g for more than 4.0
milliseconds. The Snell Memorial Foundation (SMF)
offers voluntary motorsport helmet standards that
require higher impact protection '!. However, current
standards fail to adequately evaluate the protection
afforded by motorcycle helmets against rotational
brain injury (rTBI).

The updated United Nations standard (ECE 22.06) '2,
which governs motorcycle helmets in Europe, recently
incorporated a new method to evaluate the risk of rTBI
by calculating the Brain Injury Criterion (BrIC) '3,
similar to that previously published by Lloyd 4. The
Fédération Internationale de Motocyclisme (FIM),
also known as the International Motorcycling
Federation, isthe global governing  body
for motorcycle racing. The new FIM helmet
safety standard FRHPhe-02 '°, which will become
mandatory across all FIM-related motorcycle
competition from 2026 onward, will have an
unrestrained oblique impact test component similar to
ECE 22.06 to evaluate the risk of rTBI, as does the
new Snell M2025 standard '°.

To consider whether a motorcycle helmet may reduce
or prevent injuries, it is essential to understand the two
primary mechanisms associated with traumatic head
and brain injury — impact loading and inertial loading.
A direct blow transmitted primarily through the center
of mass of the head produces impact loading, which
can result in focal injuries such as contusions,
lacerations, and external hematomas, as well as skull
fractures with coup/contrecoup brain contusions and
intraparenchymal hemorrhages, which may lead to
encephalomalacia !’. Rotational movement of the
brain relative to the skull induces inertial loading,
which can cause diffuse brain injuries, such as cerebral
concussion '8, Inertial loading on the neural structures

within the brain can produce axonal injury '*2°, often

identified in living tissue by the presence of punctate
hemorrhages. Whereas its effects at the brain's surface
can cause subdural hemorrhage (SDH) due to bridging
vein rupture 2!,

Skull Fracture: Thresholds for skull fracture have
been determined based on experiments involving 25
gel-filled human cadaveric skulls that were exposed to
impacts 2. Bach head was filled with gelatin to
represent total head mass, and the rubber skin of a
Hybrid II mannequin covered the skull. A series of
frontal, occipital, and temporal blows were delivered
to the suspended cadaveric heads, during which linear
accelerations were measured. A skull fracture
threshold of 250 g was determined for frontal and
occipital impacts three milliseconds or less in
duration, decreasing to 140 g for impact durations
greater than seven milliseconds. The skull fracture
threshold for lateral impacts was reported to be 120 g
over three milliseconds, decreasing to 90 g for impact
durations greater than seven milliseconds. These
findings indicate that skull fracture threshold and
impact duration are inversely related.

Brain Injury: Research conducted by Holbourn 2* was
the first to cite angular acceleration as the principal
mechanism in rotational traumatic brain injury (rTBI).
In studies involving live primates and physical models,
Gennarelli, Thibault, and colleagues investigated the
importance of rotational acceleration in brain injury
causation, concluding that angular acceleration
contributes more than linear acceleration to the
generation of diffuse brain injuries, including
concussion, subdural hematomas and axonal shear
injuries 29242526, Ommaya theorized that diffuse
effects of the rotational components of inertial loading
are produced by a centripetal progression of strains
that begin at the outer surface of the brain and extend
inward, with a corresponding increase in injury
severity. He expressed this risk of rotational injury
using a criterion based on both angular velocity and
angular acceleration 2’

According to Gennarelli, the most common type of
acute traumatic brain injury results from the tearing of
veins that bridge the subdural space as they travel from
the brain’s surface to the various dural sinuses 2. The
severity of injury associated with bridging vein rupture
has led to several studies of their mechanical failure
properties 282930313233 Qubdural hematomas and
axonal injury are sensitive to the direction of impact,
where SDH are more common in sagittal plane
impacts, while axonal injuries tend to be associated
with head impacts that generate tangential forces in the
coronal plane 2°. Epidural hematomas occur due to
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linear forces acting on the skull and the underlying

meningeal vessels but are not considered brain injuries
34

METHODS

The following is an analysis of 498 unhelmeted vs.
certified and non-certified motorcycle helmet tests at
impact speeds ranging from 6 to 18 m/s (13 to 40
mph).

Test Apparatus: In accordance with prior published
test methods 43336 test apparatuses were constructed
to evaluate the biomechanical protection against focal
and rotational head and brain injuries afforded by
DOT-certified and non-certified motorcycle helmets
with comparison the unhelmeted condition. Impact
attenuation testing of motorcycle helmets typically
involves guided drop tests of an instrumented
helmeted Hybrid III head and neck at impact speeds
up to 8 m/s (18 mph) '°. Many of the reported tests in
this analysis were similarly performed (Figure 1).

Figure 1: Guided free-fall drop test system with
Hybrid III head and neck
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However, since impact velocity is related to the square

root of the drop height (v = ,/2gh), where g is the
acceleration due to gravity and /4 is the fall height,
impact speeds greater than 8.5 m/s are challenging to
achieve using a vertical drop test apparatus. Pendulum
arms were utilized to achieve higher impact speeds.
Total impact velocity is increased due to the linear and
angular components of the drop height v =

\J2gh? + 2gr?, where r is the radius of the arc

subscribed by the pendulum?’.

For still higher impact velocities, twin force-balanced
pendulum arms were used, which collided at a center
point. The pendulum arms were simultaneously
released under force from air cylinders, generating a
combined impact velocity of up to 18 m/s (40 mph). A
50 percentile Hybrid III head and neck was affixed to
the end of one pendulum, while an equally weighted
metal anvil was attached to the other (Figure 2).

Figure 2: Twin pendulum arm impact attenuation
apparatus

Hybrid III head form F
on pendulum arm

By incorporating a Hybrid III neck, the impact tests
produce rotation at the axis between the head and neck,
facilitating the measurement of more realistic head and
brain angular kinematics. The methods presented
herein are based on standardized helmet test
methodologies and published research.

Helmets: Twenty-eight standard DOT-certified
motorcycle helmet models were selected for testing
based on popularity among motorcyclists and range of
pricing, including representative models of full-
coverage (full-face/modular), open-face (three-
quarter), and shorty (half-helmet) styles, as shown in
Figure 3 below. Two advanced DOT-certified full-
face motorcycle helmet designs (6D ATS-1R and Bell
DLX Qualifier) were included in this study, which
incorporate technologies that allow some independent
movement of the helmet shell, thereby reducing the
angular kinematics that are transmitted to the head and
brain. All certified helmets displayed the DOT sticker,
indicating their protective performance met the
FMVSS218 motorcycle helmet testing standard '°. In
addition, five novelty (non-certified) motorcycle
helmet models were evaluated.

Multiple samples of each model were purchased for
testing. Helmet sizes were selected based on the best
fit for the Hybrid III head form, representative of a
50th percentile US adult male.
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Figure 3: Motorcycle helmet models evaluated
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Sensors: Four PCB  Piezotronics  tri-axial
accelerometers (model # 356A01) were mounted in an
XYZ array at the center of mass of the Hybrid III head
form, along with a ftri-axial angular rate sensor
produced by Diversified Technical Systems, from
which data was processed in accordance with the SAE
coordinate system (composite Figure 4).

Figure 4: Sensor installation in Hybrid III head form
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Testing: Repeated impacts of the unhelmeted head
form onto a modular elastic polymer (MEP) of
durometer 60 were performed at the beginning and end
of each series to ensure the validity and reliability of
the test method. The frontal region and occipital area

on ecach new helmet were impacted twice, in
accordance with most motorcycle helmet standards.
High-speed video recordings were acquired at 2500
frames per second using an Edgertronic color high-
speed video camera. In total, 93 tests were performed
on an unhelmeted Hybrid III head form, 75 advanced
and 121 standard DOT-certified full-face helmet tests,
56 tests on DOT-certified open-face helmets, 93 DOT-
certified half-helmet tests, as well as 60 tests on
novelty motorcycle helmets.

Data Acquisition and Analysis: Data from the analog
sensors were acquired at 20,000 samples per second
using a National Instruments compact DAQ data
acquisition system and LabVIEW software (National
Instruments, Austin, TX). The National Instruments
compact DAQ data acquisition system includes a NI-
cDAQ-9178 base, NI-9234 analog modules for the
linear accelerometers, a NI-9239 module for the DTS
angular rate sensor, and a NI-9481 trigger to control
the high-speed camera and release mechanism. The NI
cDAQ data acquisition modules have built-in anti-
aliasing filters that adjust automatically based on the
sampling rate. The raw data was filtered in Matlab™
(The MathWorks, Natick, MA) using a phaseless
eighth-order Butterworth filter with cutoff frequencies
of 1650 Hz (CFC 1000) and 300Hz (CFC 180) for the
linear accelerometers and angular rate sensors,
respectively, per SAE J211 8. Angular acceleration
values for the sagittal, coronal, and axial planes were
computed from angular velocity data using the central
difference by least squares method (Equation 1):

Equation 1: Central difference by least squares
method

fO) = (f(xn +2) +8fx, —8f(x, +1) — fx,
—2)/12dx

For comparison, angular acceleration values were also
derived from the array of linear accelerometers using
the mathematical method proffered by Padgaonkar et
al. *.

Linear velocity at the moment of impact was
calculated by integrating linear acceleration, while
linear and angular jerk were computed by
differentiating linear and angular acceleration
components. Derived values were filtered as above
using a cutoff frequency of 500 Hz, established based
on Fast Fourier Transform analysis. Mathematical
methods were performed using Matlab™ to compute
characteristic values from variables of interest. Figure
5 below illustrates linear acceleration, angular
velocity, and angular acceleration graphs associated
with a standard DOT-certified helmeted head impact.
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Figure 5: Typical linear acceleration, angular
velocity, and angular acceleration plots
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Impact duration was determined, adapted from the
method by Depreitere 33, based on the resultant linear
acceleration signal, where impact start (LAIS) is the
time at which the pre-peak resultant linear acceleration
exceeds 3 g, and impact end (LAIE) is the time at
which the principal component of linear acceleration
crosses the x-axis. (Figure 6). The gradient from
impulse start point to peak was computed, as was the
area under the resultant linear acceleration curve from
start to endpoints.

Figure 6: Metrics calculated based on linear
acceleration data
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Linear acceleration values were used to calculate
Maximum Pressure '3 (Equation 2), Gadd Severity
Index (GSI) *° (Equation 3), and Head Injury Criterion
(HIC15) #! (Equation 4).

Equation 2: Maximum Pressure '3
Max pressure = a,,,, x 0.9

Equation 3: Gadd Severity Index *°
GSI = [ja*5.dt

The Head Injury Criterion (HIC) is an empirical
measure of impact severity describing the relationship
between the linear acceleration magnitude and impact
duration (Equation 4).

Equation 4: Head Injury Criterion *!

{ 1 ty 2.5 }
HIC,s = max [ — f a(t)dt] (t, —t;)

2 tl

a

where a is resultant head acceleration, £2-t; < 15 msec
HIC value is used to predict the risk of focal head and
brain injury (Figure 7), with the following definitions:

Minor — skull trauma without loss of
consciousness; nose fracture; superficial injuries
Moderate — skull trauma with or without

dislocated skull fracture and brief loss of
consciousness. Fracture of facial bones without
dislocation; deep wound(s)

Critical — Cerebral contusion, loss of
consciousness for more than 12 hours with
intracranial hemorrhaging and other neurological
signs; recovery uncertain.

Figure 7: Probability of specific head trauma level
based on HIC value +?
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Angular Velocity

The initial impact-related peak angular velocity
(AVM1) was determined as the maximum resultant
angular velocity associated with peak linear
acceleration (LAM), with a start time point (AVISI)
when the principal component exceeds one rad/s and
the end time point (AVIEl) where the primary
component crosses below the x-axis after AVMI, or
the lowest resultant angular velocity value between the
initial and induced angular velocity peaks (AVMI,
AVM2). Similarly, the start time point (AVIS2) for the
induced angular velocity was determined where the
principal component of AVM2 exceeds one rad/s
before AVM2 peak but after AVIE], and the end time
point (AVIE2) where the primary component crosses
below the x-axis after AVM2. Component values
(coronal, sagittal, axial) are reported at AVMI and
AVM2 peaks. The gradients from the start time point
to the peak resultant angular velocity were computed
and the areas under the resultant curves were
calculated between their respective start and end time
points. Mean angular velocity was calculated from the
start time point of the first resultant angular velocity
peak to the end time point of the induced angular
velocity peak (Figure 8). It was notes that the induced
angular velocity of the impacted head form was
considerably greater than the impact-related angular
velocity.

Figure 8: Metrics calculated based on angular
velocity data
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Angular velocity values were also used to derive
Global Maximum Principal Strain (MPS) '3 (Equation
5), Cumulative Strain Damage Measure (CSDM) 1343
(Equation 6), and Brain Injury Criterion (BrIC) '3
(Equation 7).
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Equation 5: Maximum Principal Strain
MPS = —peak angular velocity magnitude
*0.01
13, 43

Equation 6: Cumulative Strain Damage Measure

CSDM = —(peak angular velocity magnitude
*0.01) — 0.30

An analysis method validated by Takhounts !
establishes physical injury criteria for various
rotational traumatic brain injuries. It uses
anthropomorphic test device (ATD) data to calculate a
kinematically based brain injury criterion (BrIC) for
Hybrid IIT head and neck impact testing. This method
is utilized to express the risk of rTBI according to the
2008 Abbreviated Injury Scale from the Association
for the Advancement of Automotive Medicine ** in
terms of peak head angular velocity components,
where:

Equation 7: Brain Injury Criterion 3
BrIC =

2
J(AVcoranal/66-25)z + (AVsagittal/56-4'5) + (AVaxial/4‘2-87)2

The probability of brain injury for AIS 1-5 was thus
computed as a function of BrIC '3, and represented
graphically in Figure 9, along with validation data
from NFL AIS1-2 cases **:

AIS Description

P(AIS) 0.065 1 Mild TBI/concussion
_(B’TIC—().523)1'8 0.324 2 Severe concussion
=1-e n 0.531 3 Serious brain injury
Where the value for n is 0-047 4 Severe brain injury
substituted according to the 0673 5 Crmcgl_bram fmury
6 Fatal injury

table alongside:

Figure 9: Brain Injury Risk Curves
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Angular Acceleration

Impact-related peak angular acceleration (AAM1) was
determined as the maximum angular acceleration
value associated with peak linear acceleration (LAM),
with a start time point (AAIS1) where the principal
component exceeded five percent of peak AAMI and
the end time point (AAIEl) where the primary
component crossed below the x-axis after AAMI.
Similarly, induced peak angular acceleration (AAM2)
was determined as the maximum angular acceleration
value between the start time point for AVM2 and the
induced peak angular velocity (AVM2), with start
time point (AAIS2) where the principal component
exceeded five percent of peak AAM?2 and the end time
point (AAIE2) where the primary component crossed
below the x-axis after AAM2. Finally, rebound peak
angular acceleration (AAM3) was determined as the
maximum value between peak AVM?2 and the end
time point for the resultant induced angular velocity
peak (AVIE2). To avoid any effect due to a secondary
erroneous linear acceleration peak (LAM?2), if such
were present, AAM3 was determined as the maximum
resultant angular acceleration value between peak
AVM2 and 1.5 milliseconds prior to LAM2. The start
time point for AAM3 (AAIS3) was computed where
the principal component again exceeded five percent
of peak AAM3, and the end time point (AAIE3) where
the primary component crossed below the x-axis after
AAM3. Gradients and areas for the three resultant
angular acceleration peaks and the mean resultant
angular acceleration from AAIS1 to AAIE3 were
calculated as described above. Additionally, the total
area for the sum of positive head accelerations (AAM1
and AAM?2) was computed along with the total area
for the negative head acceleration (AAIM3) based on
the sign of the primary component (Figure 10).

Figure 10: Metrics calculated based on angular

acceleration data
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Means and standard deviations were calculated across
repeated tests for each helmet model. If more than 10
of the computed variables were outside of two
standard deviations of the mean (4 + 25D), those tests
were omitted from further analysis. The following
results are, therefore, based on 444 impact tests,
including 80 unhelmeted impact tests, 65 advanced
and 113 standard DOT full-face helmet tests, 49 DOT
open-face helmet tests, 84 DOT half-helmet tests, and
53 novelty helmet tests.

RESULTS

Tables 1-9, which summarize key results, are
presented in the Appendix.

Figures 11 through 13, below, present a comparison of
results for unhelmeted, advanced DOT, standard DOT,
and novelty helmet impact tests. Figure 11 illustrates
linear acceleration responses, showing that the
unhelmeted and novelty helmet conditions produce
higher peak magnitudes over substantially shorter
impact durations compared to the advanced and
standard DOT-certified helmets.

Figure 11: Comparison of linear acceleration results
for unhelmeted and helmeted impacts
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Across all DOT helmet tests, the induced angular
velocity (AVM2) was more than double the initial
peak angular velocity (AVM1) (Tables 4-5 and Figure
12). Other studies have only reported impact-related
angular velocity values, thereby inaccurately
presenting the protective performance of DOT-
certified motorcycle helmets.

The total impact duration associated with angular
velocity was 50 percent greater for DOT helmets
compared to the unhelmeted condition. However, the
total areas under the angular velocity curves were
similar. This finding suggests that the total energy
associated with rotational kinematics acting on the
brain is similar for the helmeted and unhelmeted
conditions, indicating that standard DOT-certified
motorcycle helmets do not mitigate rotational inertia
related to head impacts.
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Figure 12: Comparison of angular velocity results for
unhelmeted and helmeted impacts
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Similar to the linear acceleration results, the duration
over which forces associated with angular acceleration
are exerted on the brain is significantly less across
unhelmeted and novelty helmet tests, compared to the
advanced and standard DOT helmets (Figure 13).

Figure 13: Comparison of angular acceleration results
for unhelmeted and helmeted impacts

—Unhelmeted
—Advanced DOT
—Standard DOT

18,472 rad/s?

15,435 rad/s?
—Novelty

6,736 rad/s?

Angular Acceleration (rad/s?)

Time (msec)

Further analysis of the results illustrates the following
specific findings:

Skull Fracture

Peak linear acceleration was substantially reduced
across DOT-certified helmeted impacts by
approximately 81% compared to the unhelmeted
condition. Impact duration associated with DOT
helmeted head impacts averaged 12 to 17 msec,
whereas mean unhelmeted head impact duration was
2.4 msec.

Research by Ono 2 reports that the thresholds for skull
fracture for frontal impacts and lateral impacts of
duration longer than seven milliseconds are 140 g and
90 g, respectively. The results presented in Figure 14
indicate that while the advanced DOT helmets
performed best, none of the helmets tested provide

adequate protection against both frontal/occipital and
lateral skull fractures. Novelty helmets provide, on
average, only a 34% reduction in the risk of skull
fracture compared to the unhelmeted condition.

Figure 14: Motorcycle Helmet Protection against Skull
Fracture
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Focal Head and Brain Injury

The Head Injury Criterion (HIC) is an empirical
measure of impact severity that describes the
relationship  between the linear acceleration
magnitude, duration of impact, and the risk of focal
head and brain injury. HIC is often used to predict the
risk of focal head and brain trauma.

The computed HIC values for each of the tested DOT-
certified helmets are substantially less than that for the
unhelmeted condition, whereas the novelty helmets
did not perform as effectively (Figure 15).

Figure 15: Head Injury Criterion (HIC)
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Figure 16 indicates that the use of a DOT-certified
motorcycle helmet reduces the HIC wvalue by
approximately 92 percent compared to the unhelmeted
condition, thereby substantially mitigating the risk of
extracranial focal injuries, such as contusions,
lacerations, and external hematomas, as well as skull
fractures and focal brain injuries. However, standard
DOT helmets still present a significant risk of focal
head and brain injury, compared to the Advanced DOT
helmets. Novelty motorcycle helmets offer inadequate
protection against such injuries. HIC value was not
influenced significantly by impact velocity. Thus,
helmets can provide protection against focal brain
injuries at higher impact speeds.

Figure 16: Probability of focal head and brain trauma
based on HIC value (42)
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Consistent with human anatomy, any motion of the
Hybrid III head and neck during the immediate post-
impact phase is constrained by the head-neck
interface. The FRHPhe-02 standard includes a
measure of peak angular acceleration, the prescribed
limit of 10,000 radians per second squared, which was
met by most of the tested DOT helmets (Figure 17).

Figure 17: Motorcycle helmet protection against Peak
Angular Acceleration
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Helmets decrease peak forces associated with impact-
related linear head acceleration by extending the
duration over which the impact is experienced. The
average impact duration involving a DOT-certified
motorcycle helmet is between 12 and 17 milliseconds.
Figure 18, below, on which the helmeted impact test
results are plot against thresholds proffered by
Léwenhielm 282930 and Depreitere 3, indicates that all
DOT-certified motorcycle helmets fail to provide
adequate protection to prevent subdural hematomas at
real-world crash speeds. Interestingly, results for the
unhelmeted condition and one novelty helmet do not
exceed the biomechanical threshold for this critical
AIS-5 rotational brain injury due to the significantly
shorter impact duration.

Figure 18: Motorcycle Helmet Protection against
Rotational Brain Injury (after Depreitere, 2006)
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The new ECE 22.06 European helmet standard 2, the
Snell M2025 standard !¢, and the anticipated FIM
FRHPhe-02 competition standard ' incorporate the
Brain Injury Criterion (BrIC) '* to evaluate the risk of
rotational brain injuries associated with motorcycle
helmet impacts. The stated acceptable BrIC value in
these standards is 0.78, which equates to an AIS-5
rTBI of 16%.

It is interesting to note that all the novelty helmet
models tested met this threshold and seemingly
performed better than all but one of the DOT-certified
helmets (Figure 19 and Tables 7-8). The novelty
helmet designs generated the lowest risk of AIS 3 to 5
for moderate-to-critical rotational brain injuries
(rTBI), even outperforming the best advanced DOT
helmets, likely due to their smaller size and lower
mass, which induces less rotational inertia.
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Figure 19: Brain Injury Criterion (BrIC)
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While overall peak angular acceleration was higher for
the unhelmeted condition when considered in
conjunction with impact duration, it was discovered
that standard DOT-certified helmets present a
substantially increased risk of rotational brain injury.
Standard motorcycle helmets increase the risk of AIS
2 to 5 rotational brain injuries, on average, by about 30
percent compared to the unprotected condition.
Whereas, advanced helmets performed, on average,
about 5 percent better than standard certified helmets.

DISCUSSION

Lessons Learned about Helmet Testing

One of the more significant findings of this study is
that the induced angular velocity of the impacted head
is substantially greater than the impact-related angular
velocity (Figures 8 and 12, as well as Tables 3-9). This
demonstrates that the rebound effect is profoundly
more critical to the risk of rotational brain injury than
the angular velocity generated by the initial impact.
Peak angular velocity will be grossly underestimated
if the induced response is not quantified.
Consequently, any measure of BrIC or risk of AIS 2
through 5 rTBI will be miscalculated.

The ECE 22.06 European helmet standard !%, the
anticipated FIM FRHPhe-02 race standard '°, and the
Snell M2025 standard !® present a substantial
advancement in addressing the risks of rotational brain
injury through oblique impact testing. However, a
critical methodological deficiency of these tests has
been identified within the scope of this study.

The standardized oblique impact tests involve
controlled impacts in which the helmeted head form is
positioned in a cradle, which guides the falling head
onto arigid, flat surface tilted at 45 degrees (composite
Figure 20). In the new tests, the cradle and guidance

system do not influence the motion of the head form
from the instant the helmet contacts the anvil surface.
Composite Figure 20: Oblique Impact Test for rTBI

Testing consistent with this methodology was
undertaken to evaluate how results might be affected
(Figure 20c).

As illustrated in Figure 21, the absence of a neck
during the oblique helmet testing permits unrestrained
post-impact motion of the head form. Since oblique
impact testing required by the above-listed motorcycle
helmet standards is unrestrained by a surrogate neck,
the methods do not correctly capture induced angular
velocity and fail to properly quantify BrIC and the
associated risk of rotational traumatic brain injuries.

Figure 21: Angular velocity comparison between
unrestrained and restrained oblique test
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Moreover, the absence of the Hybrid III neck in the
ECE 22.06 2, FRHPhe-02 '3, and the Snell M2025 !¢
standards is inconsistent with the ATD testing
methodology for calculating Brain Injury Criterion, as
prescribed by Takhounts 2.

Thus, anchoring the head form to a surrogate neck is
critical to accurately quantifying and understanding
the induced angular head and brain kinematics
generated in real-world crashes, which are the
underlying mechanical etiology of rotational traumatic
brain injuries. Additional findings of this study
demonstrate that the orientation of the neck is
irrelevant since peak linear and rotational kinematics
precede any motion of the Hybrid III neck. Hence, the
Hybrid III head and neck can be rotated on a guided
free-fall drop test apparatus to meet the oblique impact
testing requirements.
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The important measures for the biomechanical
evaluation of helmet performance against focal and
rotational head and brain injuries, based on this study,
are the Head Injury Criterion (HIC) and Brain Injury
Criterion (BrIC), respectively. All other variables,
including peak linear acceleration, impact duration
and dwell time, skull fracture criterion, peak angular
velocity, and peak angular acceleration, are
incorporated by and highly correlated with the
derivative variables of HIC and BrIC.

The current acceptable HIC value, under ECE 22.06
12, is 2400. It is proposed that motorcycle helmet
standards adopt a maximum HIC value of 1000, in
accordance with accepted automobile standards #°,
thereby minimizing the risk of focal head and brain
injuries. A maximum acceptable BrIC value of 0.72 is
recommended, which would reduce the risk of AIS-5

critical rotational brain injury to 10%.

Though the results presented in this study indicate that
novelty helmets afford the lowest risk of moderate-to-
critical rotational brain injuries in helmeted head
impacts, the protection afforded against focal head and
brain injuries by this category of helmets is no more
effective than the unhelmeted condition. It is
imperative that any helmet suitable for motorcycling,
or any other activity in which there is a risk of head
trauma, offer protection against both focal and
rotational injuries, based on the thresholds proposed
above.

Helmet Design Recommendations

Helmeted skull fracture thresholds are lowest in lateral
impacts (Figure 14). It is suggested therefore that
helmet shells be strengthened in the temporal and
parietal regions, perhaps using stronger materials such
as carbon fiber, thereby distributing forces over a
larger surface area and reducing peak accelerations
below injury thresholds.

While HIC values were similar between frontal and
occipital tests for the DOT-certified helmets,
calculated BrIC values were significantly lower across
frontal helmet impact tests (Tables 1-2 and 7-8). It was
observed during the frontal impact tests, based on
high-speed videos, that the front edge of the helmet
would contact and drag across the surface. Additional
testing was conducted to evaluate the effect of surface
coefficient of friction on rTBI risk by performing
repeated impact tests onto different surfaces, including
concrete, flat steel, sandpaper (80-grit), High-Density
Polyethylene (HDPE), and Teflon. A strong negative
association was discovered between the surface
coefficient of friction and Brain Injury Criterion / rTBI
risk. A 38% difference in computed BrIC values was

found between the low and high coefficient of friction
surfaces, where more slippery surfaces induce more
rapid helmet rotation, thereby generating higher
induced peak angular velocity and, consequently,
higher BrIC values (Figure 22).

Figure 22: Angular velocity induced by the surface
coefficient of friction
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It is surmised that the difference between the
coefficient of friction at the impact surface and head-
liner interface generates shear forces. Advanced
helmet technologies, such as MiPS (multi-directional
impact system) and the omnidirectional suspension
system, help mitigate this effect by decoupling the
helmet from the head. Based on this finding, it is
suggested that rotational forces could be significantly
reduced by matching the drag factor between the
impact surface and that at the head-liner interface.

Lastly, based on the principles of physics, it is
suggested that if the mass of the helmet is distributed
such that the center of mass of the head is relatively
unaffected by the addition of a helmet, then, perhaps,
the increased rotational inertia acting on the brain
would be more natural. This finding is reflected in the
results for the DOT-certified open-face helmets, in
which a greater risk of rTBI was observed compared
to the full-face and half-helmet designs, believed to be
due to the incongruity between the head form and
helmeted center of mass, of which further analysis is
warranted.

There is valuable information to be learned from the
results of the novelty helmet tests, which appear to
present enhanced protection against rotational brain
injuries, though failing to afford adequate protection
against potentially lethal focal injuries. Current
motorcycle helmet designs may be oversized to reduce
translational forces, resulting in larger and heavier
helmets, thereby generating greater rotational inertia
and hence increasing the rTBI risk. Rotational brain
injuries are now the primary cause of fatality in two-
thirds of helmeted motorcycle crashes since linear
forces are well mitigated by certified helmets.
Protection against focal injuries is paramount, but it
also needs to be balanced against the increased risk of
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rotational brain injuries. Manufacturers should
evaluate materials that allow the development of
smaller and lighter helmets.

In summary, more effective motorcycle helmet
designs should be explored, along with analyzing the
effects of weight, size, helmeted head center of mass,
and helmet-to-surface drag factor on kinematic and
tissue-based metrics.

Limitations and Future Work

Brain Injury Criterion (BrIC) and its associated injury
risk functions (AIS 1-5) were computed and reported
within this paper since it is the metric chosen by ECE
22.06, Snell 2025, and FRHPhe-02 standards to
quantify the risk of brain injury associated with
helmeted head impacts in motorcycling. It is
recognized that BrIC tends to over-estimate the risk of
severe-to-fatal (AIS4+) brain injuries ¥ likely due to
the Eppinger mass-ratio scale factor *8, which is not
supported by more recent finite element analyses due
to lack of geometrical similitude #°. Despite this
limitation, the reported BrIC and AIS 1-5 brain injury
risk values are useful comparative measures when
relating the protective performance of different
motorcycle helmets.

Since the BrIC metric is based solely on angular
velocity, it may not be the most robust method for
assessing the risk of rotational brain injury. Dr. Gabler
and his team have formulated a new series of metrics,
including UBrIC (Universal Brain Injury Criterion)°,
and the more recent DAMAGE (Diffuse Axonal
Multi-Axis General Evaluation) °! metric, which is
computed based on both angular velocity and angular
acceleration measures. Their methods follow an
approach proposed by Ommaya forty years ago that a
brain injury criterion should consider both rotational
kinematic variables .  Ommaya proposed two
rotational injury scales, the first for events associated
with relatively slow angular velocities (< 30 rad/s)
and the second for events associated with higher
angular velocities (8 = 30 rad/s). Based on the work
presented herein, and with reference to Tables 3
through 9, it appears that a peak angular velocity of 30
radians per second is consistent with a 50 percent risk
of AIS2 rotational brain injury, increasing to 90% risk
of AIS2 rTBI for impacts producing a peak angular
velocity of 50 rad/s. Of the nearly 500 impact tests
performed in this series, only a small percentage (all
novelty / non DOT-certified helmet tests) generated a
peak angular velocity less than 30 radians per second,
in which it was observed that the risk of AIS2 rTBI
was substantially reduced. These findings are
consistent with Ommaya’s division of a criterion
between two scales. The effect of angular acceleration

cannot be assessed in this paper, since quantification
of rTBI risk was computed herein independent of
rotational acceleration characteristics.

Brain Injury Criterion (BrIC) was chosen as the
principal metric for this paper because of its adoption
by ECE, Snell and FIM standards. Future work will
involve expanding the analysis of this extensive
dataset of motorcycle helmet impact tests to compute
other kinematic-based metrics, such as HIP (Head
Impact Power) %2, PRHIC (Power Rotational Injury
Criterion) %3, RIC (Rotational Injury Criterion) 3,
RVCI (Rotational Velocity Change Index) 3, CIBIC
(Convolution of Impulse response for Brain Injury
Criterion) *°, UBRIC * and DAMAGE °' against
finite-element computed tissue-based metrics to
determine the most appropriate laboratory test method
for evaluating helmet performance. The effect of the
helmeted center of mass could also be further explored
in subsequent analyses. It is hoped that this ongoing
work will help to inform the adoption of more suitable
metrics for motorcycle helmet standards and other
helmet standards in the future.

An analysis is also in process, comparing helmets
intended for  various activities, including
motorcycling, skiing, bicycle, off-road, American
football, ice hockey, and military. Preliminary results
suggest that helmets intended for other sports activities
may outperform motorcycle helmets at similar impact
speeds in terms of protection against both focal head
injuries and rotational brain injuries.

CONCLUSIONS

Mandatory motorcycle helmet standards in the United
States only evaluate helmet performance up to impact
speeds of 13.4 miles per hour, and helmets can pass
without providing adequate protection against skull
fractures at this relatively low impact speed. The
included analysis shows that standard DOT-certified
helmets tested fail to provide adequate protection
against skull fractures or rotational brain injuries
associated with real-world motorcycle crashes.

The revised ECE 22.06 European standard has
reintroduced oblique impact testing for computing
Brain Injury Criterion (BrIlC) as a measure of
rotational traumatic brain injury (rTBI) risk, as
recommended by the COST 327 report 3. The
voluntary Snell M2025 and forthcoming FIM
FRHPhe-02 race standards have adopted an identical
methodology for quantifying rTBI risk. However, the
oblique impact test methods underlying these
standards incorporate a critical deficiency in that
induced angular velocity of the helmeted head form is
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not quantified due to the unrestrained helmeted head.
This is not a scientifically valid approach for
calculating the risk of rotational brain injuries.

Ultimately, results show that standard DOT-certified
helmets afford substantial protection against focal
head and brain injuries but not rotational brain injuries.
Motorcycle helmets that meet the new ECE 22.06
standard appear to offer better overall protection,
though the results from the current oblique testing
method are questionable. Conversely, novelty helmets
seem to provide better against rotational brain injuries
but fail to prevent focal head and brain trauma.
Emerging advanced DOT helmets that offer both focal
and rotational injury mitigation are currently only
available in full-face designs, and as such may not be
suitable for all riders. Manufacturers may soon
provide technologies to help mitigate the risk of
rotational brain injuries in open-face and half-helmet
designs.
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