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Abstract

Reconstructing head impacts using computational models is an important tool in understanding brain injury mechanisms. Head
impacts are often reconstructed by impacting an Anthropomorphic Test Device (ATD) with an object of interest. The head
accelerations are measured and applied to a biofidelic finite element model. Little work has been done, however, to determine how
the ATD accelerations applied to a numeric model approximate the brain response an actual impact. The following considered head
impacts from a solid sports ball. The brain response of a biofidelic model was compared in two scenarios: accelerations were applied
to the model from an impacted by a ball; the head-ball impact was simulated directly in LS-DYNA® with the same speed, direction,
and location as occurred with the ATD. Comparison of the linear and the rotational acceleration of the ATD and the biofidelic model
showed the inability of the ATD to accurately mimic the dynamic response of the human head in ball impacts. The difference between
the peak rotational acceleration and the peak rotational velocities was found to have the highest effect of the brain response of the two
accident reconstruction methods.

Introduction

Impacts to the head that lead to the relative movement of the brain with respect to the skull can damage the
delicate structure of the brain. Thus, brain injury is one of the most important health concerns in sport [1].
Several studies are dedicated to understand the mechanism of the brain injury and developing safety equipment
to protect the brain from impacts [2][3][4][5][6]. Data from actual impacts are either processed statistically
[7][8] to find the correlation between the dynamic responses of the head (i.e. linear and rotational accelerations)
or used as inputs to computational models to find the brain mechanical responses to the impacts[9][10][11].
Although statistical analysis is a powerful tool in finding a correlation, it doesn't describe the mechanism of
brain injury. Computational models, however, can be used to reconstruct impacts to investigate the mechanical
head injury measures such as Maximum Principal Strain (MPS), maximum von Mises stress, and Cumulative
Strain Damage Measure (CSDM)![12]. Furthermore, sensitivity studies on impact locations or speed can be
conducted by computational models to better understand the mechanisms of the brain injury.

Reconstructing head impacts using computational models can be performed in two ways. The most common
method is to apply the dynamic responses (accelerations or velocities) of the center of gravity of the head in an
impact on the rigid skull of a biofidelic model of the human head [10][9]. Another method is to simulate the
actual impact using a biofidelic model [13][14].

Although the dynamic performance of the ATDs and biofidelic head models are verified separately using the
cadaveric data [15][16][17], no study has compared them in same impacts. In this work, softball-head impacts
at three locations and were reconstructed using an ATD and a biofidelic human finite element (FE) model. The
linear and rotational accelerations of the head and the MPS, maximum von Mises stress and the CSDM of the
brain in each impact were compared for the two methods.

1 CSDM measures the volume fraction of the brain experiencing the strain magnitudes higher than a threshold and therefore is
associated with the Diffuse Axonal Injury (DAI).
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Methods

Experimental setup

An air canon fired softballs (Worth, Gold dot) at 25 m/s, without spin at three locations, as indicated in Fig. 1.
The ATD was a 50% male Hybrid 111 [18] (78051-61X-3623-H, manufacturer) with a 3-2-2 accelerometer
array. The head was mounted on a low friction sled which allowed the free movement of the head in the
direction of the impact [19]. Each impact was repeated four times and averaged for subsequent analysis. Ball
speed was limited to 25 m/s to avoid damaging the ATD. Accelerations were filtered using the 4™ order
Butterworth filter with a cutoff frequency of 1kHz for linear acceleration and 300 Hz for rotational acceleration
[20].

z
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Fig.1 Ball impact locations 1: forehead 2: cHin, 3.: side.

Impact Reconstruction Models

A 50" percentile male THUMS model version 4.02[21] was used as the biofidelic model in this study. The
simulations were performed using LS-DYNA (version mmps R8.1.1). To reconstruct the impacts from the ATD
responses, the average linear and rotational accelerations of the head were applied as prescribed motions to the
skull. To allow an acceleration input, the skull properties were changed to rigid and constrained to move as a
single rigid part, as done elsewhere [9][10][11]. In the following, this reconstruction method will be referred to
as “accelerated”.

The softball-head impacts were also reconstructed by simulating a softball impact with the biofidelic model
directly [22], hereafter referred to as “impacted”. The ball was modeled from one homogeneous rate dependent
material using LS-DYNA MAT 57 [22]. An initial velocity was applied to the nodes of the ball, and the
biofidelic model (with a compliant skull) was free to recoil after impact. The contact between the head and the
ball was accomplished using Automatic Surface to Surface Contact with a coefficient of friction of 0.1. The
head acceleration was obtained from the derivative of the head velocity using a novel MATLAB script that also
eliminates noise [23].
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Results

The temporal linear acceleration and rotational acceleration of the biofidelic FE model and the ATD at 25 m/s
for three impact locations are shown in Fig. 2.
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Fig.2 Accelerations of ATD and biofidelic FE model from a 25 m/s softball impact.

Table 1 compares the dynamic responses (velocity and acceleration) and the brain injury measures (MPS,
maximum von Mises stress, and CSDM) of the impacted and accelerated models.

Impact Impact | Model Peak Linear | Peak Peak Max von | Max CSDM
location | speed Acceleration | Rotational Rotational | Mises Principal | (0.08)
(m/s) (9) Acceleration | velocity Stress Strain

(rad/s?) (rad/s) (kPa)

Forehead | 25 Impacted 161 1658 5.00 2.66 0.14 0.0012
Forehead | 25 Accelerated | 177 4946 6.50 2.16 0.12 0.0010
Chin 25 Impacted 58 13771 24.00 6.37 0.36 0.2000
Chin 25 Accelerated | 167 11529 15.00 5.58 0.32 0.0670
Side 25 Impacted 104 3993 7.70 2.20 0.14 0.0020
Side 25 Accelerated | 244 9350 13.50 3.43 0.21 0.0380
Table.1 Dynamic and biofidelic comparison of the accelerated and impacted models.
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Discussion

In this work, softball-head impacts were reconstructed using a biofidelic FE model. The accelerated model used
experimental accelerations from a ATD-softball impact, while the impacted model simulated the ball impact
directly. The difference between the movement of the accelerated and the impacted models resulted in up to a
65% difference in the CSDM. Neither the accelerations nor the CSDM of one method was consistently higher
than the other, making their comparison case dependent. In the forehead impact, the accelerated model
primarily experiences translation with little neck constraint. The impacted model, on the other hand, shows
rotation and movement of the neck from a forehead impact. The neck from a chin impact of the accelerated
model had a larger contribution than the forehead impact, resulting in higher rotational acceleration. The results
show that the accelerations of the accelerated model are closer to the impacted model for frontal impacts
(forehead and chin) than the side impacts. This is not surprising, since the Hybrid 111 neck was not designed for
side impacts [24].

The impact location on the head (ie. forehead, chin or side) significantly affected the brain deformation. Table 1
shows that the chin impact had the highest and the forehead impact had the lowest brain injury measures in both
the accelerated and impacted models. Note that both the peak rotational acceleration and velocity is highest in
the chin and lowest in the forehead, and the linear acceleration of the chin impact is lower than the forehead.
This suggest that brain injury measures have stronger dependence on rotational kinematics than linear
kinematics.

The peak rotational acceleration and the impact duration both affect the severity of the impact [25][26][3]. As
for the chin impacts, the difference between the rotational acceleration of the accelerated and impacted models
are not significant (within 16%) but the difference between the CSDMs are (within 66%) which may be due to
the difference in peak rotational velocity (40%). This suggests that the longer the head is experiencing the
rotational acceleration, the fraction of the brain experiencing large deformation increases. The forehead impacts
had relatively low rotational acceleration, resulting in low injurious accelerations, and a reduced dependence on
duration.

Linear acceleration of the head might not be highly related to the brain deformation as the impacted linear
accelerations are roughly one third of accelerated linear accelerations for the chin impacts, yet the brain injury
measures of the impacted are higher than the accelerated model.

Limitations

The difference between the accelerations of the ATDs and the biofidelic head models is the most significant
reason for the different brain deformations predicted by the two accident reconstruction methods. However, any
other dissimilarity between these two methods (i.e. the rigid skull for the accelerated THUMS simulations, and
the accuracy of modeling impact conditions) can affect the comparison of their resulting brain injury measures.
In this study, only one type of impact (softball-head) was reconstructed as an example of how different the two
accident reconstruction methods can be. It is not known how other types of impact scenarios will compare.
Furthermore, in this study only one ATD (Hybrid I11) and one biofidelic FE model (THUMS) were used. A low
softball speed (25 m/s) was used here to avoid the damage of the Hybrid IIl ATD. This resulted in brain
deformation less than the injurious levels proposed by other studies [27][9] [28].
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Conclusion

The dynamic and brain injury measures of two accident reconstruction methods were compared in three
softball-head impacts. The significant differences between the linear and rotational accelerations were the main
reason for the difference in CSDM predicted by the two methods. The inability of the accelerated model to
describe the impacted model motions may lead to inaccurate brain deformation predictions. Although the peak
rotational acceleration of the head was correlated with the maximum stress and strain of the brain elements, the
fraction of the brain elements that pass a strain threshold (CSDM) was affected by the rotational velocity.
Linear acceleration was found to not be significantly correlated with the brain responses.
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