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Dynamic Impact Response and Predicted Brain Tissue Deformation Comparisons for an Impacted
Hybrid Il Headform With and Without a Neckform and Torso Masses

Evan S. Walsh, Marshall Kendall, T. Blaine Hoshizaki, and Michael D. Gilchrist

Abstract Helmet assessment protocols differ with respect to neckform and torso presence. To determine
the relative effects of neckform and torso masses on predicted three-dimensional human impact response, a
suspended Hybrid Ill headform was impacted with a pendulum striker. Trials were completed with and without
a Hybrid neckform attached to the base of the headform. Surrogate torso masses were increased in 11.3
kilogram increments to the base of the neckform simulating body masses up to 95 kilograms. These trials were
then compared to impacts on a linearly translating table.

The dynamic impact responses from the trials were recorded and used as loading curves for finite element
analysis using the University College Dublin Brain Trauma Model to calculate brain tissue deformations within
the Cerebrum.

Statistical significance between impact conditions was assessed with ANOVA and Tukey’s post hoc tests at an
alpha value of 0.05. Differences were identified between the suspended conditions and the table conditions for
linear acceleration; the no neck and the other suspended conditions for angular acceleration; and the no neck
condition and all but the suspended no torso impact condition for maximum principal strain. This shows that
torso mass and the neckform that mechanically links the mass to the headform should be considered when
measuring headform impacts.

Keywords Anthropometric Test Device, Helmet Assessment, Neurotrauma Biomechanics, Torso Mass.

I. INTRODUCTION

Helmets and their associated assessment protocols and standards were primarily introduced into sport to
prevent catastrophic head injury, the risk of which has effectively been reduced to near zero because of the
success of head protection development [18][21]. Recent attention towards concussion in sports has led to
qguestions surrounding protective headgear and how it is tested [30]. Currently there are differing
methodologies that exist for helmet assessment protocols and head impact reconstructions based on multiple
physical characteristics, including the presence or absence of surrogate neckforms [26][38]. The European
impact standards for ice hockey [17], alpine [15] and cycling [16] helmet assessment all use an untethered
headform drop, whereas the current North American standards all have a solid metal neckform for guided
headform drops [1][6][7]1[9](32]. Although both the untethered and rigidly attached methodologies effectively
deliver consistent impact measures that are reproducible between laboratories, they likely do not represent a
truly biofidelic response to impacts. If the goal is to produce a standard that considers the biofidelic risks of
both catastrophic and mild traumatic brain injuries to mechanical loading [2], the connection between the
headform and a torso must be addressed. Collision protocols proposed for American football and ice hockey
employ a compliant Hybrid neckform. It is not clear which of these methods best represent impact dynamics.
The biofidelity of modern mechanical neckforms has been critiqued for not ideally representing the dynamic
compliance and resistance of human necks under inertial or impact loading [12], while the lack of any basal
tethering does not mimic a live human condition. A study that varied the striking mass reported that the relative
mass of the two objects significantly alters both the dynamic impact response and the predicted tissue
deformation [27]. This is an important consideration when reconstructing injury events involving sporting
events, where collisions between two players are common occurrences. How the mass of the impacted player
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affects brain tissue response has yet to be defined. Thus, the purpose of this study was to compare the dynamic
responses of the headform and calculated brain tissue deformations while varying torso mass and impact
parameters.

Il. METHODS

A fiftieth percentile Hybrid Ill headform instrumented with a 3-2-2-2 linear accelerometer array [33] was
centrically impacted to the forehead at a velocity of 4.4 metres per second using a 3.6 kilogram pendulum
striker with a vinyl nitrile 602 foam impact surface. The nine mounted single-axis Endevco 7264C-2KTZ-2-300
accelerometers were sampled at 20 kilohertz by a Diversified Technical Systems (TDAS) Pro Lab system and
filtered using the Society of Automotive Engineers (SAE) J211 class 1000 low pass Butterworth protocol before
being collected by TDAS software. Data collection was triggered when any of the accelerometers reached a 29.4
metres per second squared, or 3 g, threshold and terminated after 15 milliseconds. These data collection
techniques and parameters are common to collision impact testing [23][37][38][41][42]. The three orthogonal
positive linear axes were defined from the headform’s centre of gravity as projecting forward, to the left and
cranially for the x-, y- and z-axes respectively.

Trials were divided into three categories by headform condition. For categories A and B, the headform was
suspended from the rear aspect of its crown, creating a slight positive elevation of the surrogate. Impact
condition one had no neckform connected to the Hybrid Il headform (A1) and therefore was free to move in all
directions upon impact. This lack of basal tethering was similar to European helmet assessment drop protocols.
The second category of impacts had a Hybrid neckform attached, with steel nodding joints [41], to the base of
the Hybrid Il headform, B1. The steel nodding joints replaced the standard rubber nodding joints and reduced
the high magnitudes of mechanical noise reported by Foreman by forming a more rigid head-neck connection
without significantly affecting the desired signals [19]. Masses were subsequently added to the base of the
neckform in four 11.3 kilogram increments, from 11.3 to 45.5 kilograms, to simulate the effect of torso mass
(B2, B3, B4, and B5). Neither the base of the neckform for condition B1 nor the bottom of the surrogate torso
masses from B2, B3, B4, and B5 was attached to any additional restrictive or resistive boundary condition.

Anthropometric data from Clauser [8], Dempster [11], and de Leva [10] were used to equate the simulated
torso masses to adult male total body masses. Table 1 illustrates how the B4 condition approximates a seventy
kilogram male and the B5 condition similarly represents a ninety-five kilogram individual, or close to the total
masses for the fiftieth and ninety-fifth percentile Hybrid Il anthropometric test devices of 77.7 and 101.2
kilograms, respectively. This added torso mass was predicted to affect the headform’s response due to the
altered moment of inertia of the system. According to anthropometric data, the desired torso mass for average
test devices was 40.3 kilograms; the fiftieth percentile Hybrid Ill has a combined torso mass of 40.2 + 0.28
kilograms [19].

TABLE |
SIMULATED BODY MASS IN KILOGRAMS FROM SURROGATE TORSO MASS PROPORTIONS
Subset Torso Clauser Dempster de Leva Mean
Mass Proportion 0.5070 0.4970 0.4346 0.4795
B1 0 0 0 0 0
B2 11.36 224 22.9 26.1 24
B3 22.7 44.8 45.7 52.3 48
B4 34.1 67.2 68.6 78.4 71
B5 45.5 89.7 91.5 104.6 95

The third category had the base of the Hybrid neckform being affixed to a 12.78 kilogram translating table on
linear rails that was first allowed to move freely in the sagittal plane (C1) and then immobilized (C2). The
headform was kept at the same positive elevation as the suspended conditions for the group C impacts.

Angular accelerations were calculated by comparing the six peripheral linear accelerometer signals to the
three orthogonal centre of gravity sensors of the 3-2-2-2 array using the principles of rigid body mechanics. This
created three-dimensional linear and angular dynamic response loading curves that were applied to the
University College Dublin Brain Trauma Model (UCDBTM) in order to calculate the brain tissue deformation
metric of maximum principal strain (MPS) within the Cerebrum.
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Consistent with previous Hybrid Ill impact testing, each of the impact conditions was tested three times
[27][28]1[37][38][41]. Statistical significance between each of the category subsets was assessed with ANOVA
and Tukey’s post hoc tests at an alpha value of 0.05, with particular focus on comparing the dynamic impact
responses and brain tissue deformations of the neck less surrogate, group A, to each of the other suspended
subsets of categories group B and the two translating table subsets of the third category, group C. Impact
responses by neck and torso condition that are not significantly different from the neck less surrogate.

Computational Modeling

Finite element analysis of all headform impacts was performed using a refined version of the University
College Dublin Brain Trauma Model. The original finite element model defined by Horgan and Gilchrist [23] with
26 000 elements defining the tissues of the Cerebrum and Cerebellum was refined to 32 999 elements by [13]
to reduce the risk of discretization error. The computational surrogate is defined as a linearly viscoelastic
material finite element model that uses a large deformation theory and has been validated against cadaveric
testing. [13][19]

The behaviour of this tissue was characterized as viscoelastic in shear with a deviatoric stress rate dependent
on the shear relaxation modulus. The hyperelastic law in Pascal was given by:

C1o(t) = 0.9Cy, (t) = 620.5 + 1930e /0008 4 1103¢~t/015

where (5 and C,; are the temperature-dependent material parameters and t is time in seconds. The
compressive behaviour of the brain was considered elastic. Material properties of the ten distinct biological
tissues modelled in the UCDBTM [22][23] are presented in Table 2, below.

TABLE 2
UCDBTM MATERIAL PROPERTIES

Material Young’'s Modulus (MPa) Poisson’s Ratio Density (kg/m?)
Scalp 16.7 0.42 1000
Cortical Bone 15 000 0.22 2000
Trabecular Bone 1000 0.24 1300
Dura Mater 31.5 0.45 1130
Pia Mater 11.5 0.45 1130
Falx, & Tentorium 31.5 0.45 1140
Cerebrospinal Fluid 15 000 0.50 1000
Grey & White Mater Hyperelastic 0.49 1040

lll. RESULTS

Figure 1 illustrates the peaks and standard deviations for each of the dependent variables for each impact
condition. Statistical subsets with, or values that were not considered to be significantly different from, the no
neck condition (A1) are indicated with hashed bars. Significant differences in terms of peak linear acceleration
were found between the suspended conditions, groups A and B, and the table conditions, group C. Further,
significant differences in peak angular acceleration were found between the no neck condition, Al, and the
other suspended conditions, group B. Finally, significant differences in maximum principal strain were found
between the no neck condition (A1) and all but the suspended no torso impact condition (B1).
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Figure 1: Peak and standard deviation resultant linear accelerations, angular accelerations, and predicted
maximum principal strains.
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IV. DISCUSSION

With the increasing occurrence of concussions in sports, there is a need for more accurate and realistic
impact reconstruction protocols [3]. Representative boundary conditions applied to the head-neck system
drastically change the kinematic loading of the head and therefore the potential for brain injury [5]. The current
European helmet testing standard uses an untethered headform drop on to an anvil [15][16][17]. Conversely,
the North American helmet test standard uses a headform attached to a neck form which is then attached to a
monorail [1][6][7]1[9]. These helmet assessment testing protocols are developed to ensure that helmets meet a
minimum standard for protection. The question is whether or not the impact condition using an untethered or
tethered headform is a realistic reconstruction of an impact event. Recent research investigating concussive
injury reconstructions have been using a linear impactor system to impact a headform attached to a neck and
20kg sliding table. This 20kg sliding table is said to mimic the torso mass of an impacted football player [35].
How this torso mass affects the dynamic response of the head and the resulting brain tissue response needs to
be determined and compared to these current impact set-up conditions.

Helmet testing standards aim to protect against traumatic brain injuries and therefore use the correlated
metrics of peak linear acceleration or a linear tolerance function, such as the Gadd Severity Index or Head Injury
Criterion, to determine the efficacy of the protective equipment. While peak linear acceleration has been
associated with catastrophic head and brain injuries [40], angular acceleration has been shown to be linked to
more diffuse type injuries such as concussions. With the present push for more comprehensive traumatic brain
injury protection, particularly against the prevalent risk of concussion [4][14][30][35], alternative tolerance
criteria and impact reconstruction methodologies are being considered. While previous research has focused on
the effects of impacting mass [27] and the Hybrid Il neckform’s bias [2], this study focused on the effects of
different torso mass conditions operating through the fiftieth percentile neckform. The results of this study
showed that peak linear acceleration, the typically measured indicator for risk of traumatic brain injury, was not
sensitive enough to differentiate between any of the suspended headform conditions regardless of torso
masses — as indicated by the lack of significant difference between the conditions. Impacts predicting the risk of
purely catastrophic traumatic brain injuries provide reasonable measures with or without a torso mass.

Peak linear and angular acceleration have been associated with varying levels of concussive injury risk
[29][43]. The results of this study show that the presence and quantity of torso mass may have significant effect
in the prediction of concussive injury. This is apparent with the results of the peak angular and resulting MPS
values within the brain for the conditions where torso mass was increased (B1 to B5). This supports previous
injury reconstruction research [27][33], stressing the importance of torso mass of the impacting player. The
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UCDBTM human head and brain finite element model predicted brain tissue deformations caused by each
impact where only the response of the B1 condition (attached Hybrid Il neckform but no torso mass) was not
significantly different from Al (the free headform). Injury reconstruction research has shown that the peak
value of the dynamic response alone may not be the best indicator of brain tissue deformation. The sensitivity
of the brain tissue deformation metric shows differences between impacting conditions which may be masked
by peak linear and angular accelerations [28][37], among other curve characteristics.

In terms of prediction of risk of injury, the results of this study show that the headform condition with neck
unattached may underestimate maximum principal strain for frontal impacts when compared to the other
conditions. The unattached condition also had the highest proportional standard deviation for the maximum
principal strain measures. Though peak kinematic response may be similar for pass/fail tests, it does not
account for differences in the characteristics of the dynamic response loading curves, which have significant
effects on brain tissue response. This may help explain the lower peak linear and angular acceleration response
in the C1 & C2 conditions, which resulted in the highest MPS values of all impact conditions [28][37].

Limitations

The physical and computational modelling methods of head impacts, although some of the most advanced
techniques currently available to assess risk of traumatic brain injury, are not without limitations. The Hybrid III
anthropometric test device was originally developed for the measurement of loads imparted during automotive
collisions [25][30]. However, it has been recently used for direct head impact reconstructions and is a good
surrogate for human response. The UCDBTM finite element model has likewise been used to predict brain
tissue deformations resulting from head impacts and has been accepted as a reliable method for determining
risk of traumatic brain injury, but any results must be interpreted with the limitations associated with the
dynamic tissue response to loading common to all biological finite element models.

V. CONCLUSION

The purpose of this study was to determine the effects of different torso mass of the impacted surrogate on
the peak dynamic headform response and MPS of the brain tissue. The results of this study show that though
peak linear acceleration was unable to differentiate between different torso masses, brain tissue response
(MPS) could. This study confirms that peak acceleration may be underestimating actual brain tissue
deformation values and thus may not be sensitive enough of a metric to predict MPS of brain tissue associated
with risk for concussive injuries. While mass of the impactor has previously been confirmed to have significant
effects on dynamic response and brain tissue response, this study shows that torso mass should also be
considered for injury reconstruction methodologies.
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