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Investigation of Parameters Affecting Brain Model Validation and Brain Strains Using the SIMon Finite
Element Head Model

Aaron M. Drake, Erik G. Takhounts, Vikas Hasija

Abstract Finite element (FE) models of the human brain are often validated against cadaver brain
deformation experiments and are then used to predict brain injury based on strain metrics. The current study
evaluates three factors hypothesized to influence FE model brain displacements: the mass of tracking targets
implanted in cadaver brains, variations in brain size/shape, and variations in Neutral Density Target (NDT)
locations. The first two factors were also evaluated for their effect on brain strains. Baseline simulations of five
experimental impacts were conducted with the Simulated Injury Monitor (SIMon) Finite Element Head Model
(FEHM). Next, independent model variations were made and the impact kinematics were again applied. Point
masses were added at NDT locations, the model was scaled to various sizes/shapes, and the NDT locations were
offset in three directions. Modified model results were compared to the baseline simulations. Adding point
masses had almost no effect on brain displacement metrics or brain strains, while model scaling influenced
both. Changing the NDT locations had the largest effect on brain displacement histories. These results indicate
that size, shape and NDT location differences between experimental specimens and FE models must be
accounted for in brain model validation studies.
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I. INTRODUCTION

The human brain commonly experiences injury due to trauma [1] and despite extensive research efforts over
the past several decades [1-35] the injury mechanisms of the brain are not entirely understood. As a material,
brain tissue is nearly incompressible (high bulk modulus) and extremely soft (low shear modulus), therefore
much higher loads are required to cause volume changes than shape changes [2-3]. Many researchers postulate
that these changes in brain shape are the primary cause of traumatic brain injury [4-6]. A common theory is that
changes in brain shape are due to shear strains that develop from rotational kinematics of the skull and brain
[4][6-7].

Many studies have attempted to quantify deformations that occur in the brain due to trauma using physical
models [7-10], animal surrogates [6][11-14], Post Mortem Human Subjects (PMHS) [15-18] and live human
volunteers [19-21]. Of these various experimental techniques the most relevant to the present study are those
conducted on PMHS’s, particularly those conducted by Hardy et al. (2001 and 2007). These types of
experiments capture the response of human head specimens subjected to levels of impact that are
representative of real world car crashes and would not be ethically acceptable for live human volunteers. In
these studies, human cadaver brains were implanted with radio-opaque Neutral Density Targets (NDTs) and the
heads were then impacted in various directions. The displacement histories of the NDTs relative to the skull
were recorded with high speed bi-planar x-ray. This type of brain displacement data is valuable in that it
provides an experimental basis for the validation of computational human brain models and is directly related
to brain strains.

Many FE models of the human skull and brain have been developed [22-27] and validation of these models
typically consists of the following: intracranial pressures are compared with cadaver impact data from Nahum et
al., 1977 and relative brain displacements are compared with cadaver impact NDT data from Hardy et al., 2001
and/or 2007. Despite all of the head and brain FE models in the literature displaying reasonable agreement with
intracranial pressure experiments, none of the models are capable of accurately reproducing relative brain
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displacement histories of all NDTs, in all directions and for all impact cases [22-27]. For all of the models
considered, the qualitative agreement in NDT displacement histories between experiment and simulation is
reasonable for some cases and poor for others.

Validation of the SIMon FEHM was conducted in a previous study [22] and followed the protocol outlined
above. Intracranial pressure was validated against cadaver experiments [17-18] and relative brain motion was
validated against the first set of cadaver impact experiments conducted by Hardy et al., 2001. More recently,
relative brain motion within the SIMon FEHM was compared to the experimental results of the second set of
cadaver impact experiments conducted by Hardy et al., 2007 and it was found that some of the displacement
signals showed reasonable agreement, while others showed poor agreement, some of which were out of phase
or inverted from the experimental signals. These inconsistencies provided the impetus for the current study,
which intended to determine sources of discrepancy between brain displacements measured experimentally
and those calculated computationally. The influence of brain model material properties, material formulation,
mesh density, boundary conditions, etc. on brain displacements has been examined previously [22][28].
Therefore, these parameters were not investigated in the present study. Instead, potential differences between
experimental specimens and computational models were analyzed and their effect on relative brain
displacements and strains was assessed.

Three factors were hypothesized to influence relative brain displacements and brain strains: the mass of brain
tracking targets in experimental studies, the individual size and geometry of the brain and inner skull, and
variability in NDT locations. To test these hypotheses, the most recent Hardy et al. (2007) NDT brain
displacement study mentioned above was selected [16]. Despite the name, the neutral density targets used in
the experimental study were slightly more dense than brain tissue (approximately 1.5 times as dense [16]).
Therefore, the effect of these localized masses on brain deformations was examined to determine if higher
density of the targets could influence experimental results. The sizes and shapes of the cadaver heads in these
experiments were quite different from one another and from the 50% percentile male, providing motivation to
examine the effect of brain size and shape on brain deformations. Furthermore, cadaver head (not brain) width
and length dimensions are the only anthropometric measurements provided from the experimental study, so
the dimensions of the brain were not known explicitly. The coordinates of the NDTs in the experimental study
were provided in reference to the center of gravity (CG) of each cadaver head, which was approximated based
on skull landmarks. It has been shown that head CG coordinates can vary by approximately 30 mm in X and Z
directions from person to person [29]. Differences in the coordinate system origin location from experiment to
computational model seem possible if not probable and may translate into discrepancies in NDT locations.
Therefore, the effect of varying NDT locations was investigated to determine if errors matching the actual NDT
location could influence brain displacement histories. The parameters were investigated by simulating
experimental impacts computationally with an unaltered FE model, then reapplying the same impact kinematics
after making specific modifications to the model and comparing the results of the original and modified models.
Henceforth, the Hardy et al., 2007 study will be referred as experimental and the FE simulations of the current
study will be referred to as computational.

Il. METHODS

All of the simulations in this study were carried out using the
Simulated Injury Monitor (SIMon) Finite Element Head Model
(FEHM) [22]. The SIMon FEHM was developed by the National
Highway Traffic Safety Administration (NHTSA) in an effort to
relate three-dimensional skull kinematics to brain injury prediction
metrics. The model topology and size are based on that of a 50"
percentile human male. The SIMon FEHM consists of several parts:
cerebrum, cerebellum, falx, tentorium, combined pia-arachnoid
complex (PAC) with cerebro-spinal fluid (CSF), ventricles,
brainstem, parasagittal blood vessels and the inner table of the &
skull (Fig. 1). The cerebrum, cerebellum and brain stem are W cerebellum
assigned a Kelvin-Maxwell viscoelastic material definition and the Fig. 1. Components of the SIMon FEHM.
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skull is defined as a rigid shell layer. The detailed information on the development and validation of the SIMon
FEHM is given in [22].

In the experimental study, the locations of NDTs within cadavers’ skulls were monitored throughout impact
events to quantify relative brain displacement histories. Accordingly, the displacement histories of the nodes
nearest the initial NDT locations were recorded computationally in a local skull coordinate system. The SIMon
FEHM nodes selected for displacement measurement will be referred to as ‘NDT nodes.” Three dimensional
skull kinematics were captured during the experimental cadaver head impacts using an accelerometer array
package [16] and the data was acquired by plot digitization for use in the present study. The skull kinematics,
specifically translational acceleration and rotational velocity histories, were applied to the rigid skull of the
SIMon FEHM via prescribed motion boundary conditions. Five impact cases were simulated, consisting of
impacts of three different Post Mortem Human Subjects (PMHS) at three different impact locations (Fig. 2).
These five initial simulations were conducted with no modifications made to the SIMon FEHM and served as the
baseline cases. Subsequently, variations were made to the SIMon FEHM or to NDT node locations, the same
impact kinematics were again applied and differences between these modified cases and their respective
baseline simulations were observed.

Impact Impact Displacements
l Case Cadaver # Region Recorded
1 C288-T3 Occipital X, Z
2 C380-T2 Parietal XY
3 C380-T3 Temporal Y,Z
4 C380-T4 Temporal Y,Z
5 C393-T4 Temporal Y, Z

Fig. 2. Experimental impact cases. The numbers within the arrows correspond to the impact case. The NDT
cluster locations within the brain are shown on the left.

Three different factors were investigated in regards to their effect on trauma induced brain motion and
strains:

1. NDT mass
2. Head size/shape
3. NDT location

In order to investigate the influence of NDT mass on deformations of the brain during trauma, point masses
were added to all NDT nodes. Simulations of the five impact cases were conducted with the actual NDT mass
added to the nodal mass as well as two, five, and 10 times (x2, x5, and x10) the actual NDT mass added to all
NDT nodes (0.0113, 0.0226, 0.0565, 0.113 grams respectively, 20 total simulations).

Next, the effect of the size and shape of the brain and skull on brain deformations was examined. The entire
SIMon FEHM was scaled positive and negative 20% in each Cartesian direction independently (+X, Y, £Z), and
then in all directions simultaneously (XYZ) as illustrated in Fig. 3. Positive scaling refers to an increase in FE
model size while negative scaling refers to a decrease in size. The scaling parameters selected correspond to
roughly two standard deviations in head shape variability [30]. The five impact cases were simulated with each
of the eight scaled configurations (40 total simulations).

Finally, the effect of NDT location on brain displacement histories was evaluated by monitoring nodal
displacements at locations offset from the original NDT node. The ‘new’ NDT nodes were at coordinates offset
from the original NDT node in the positive and negative X, Y and Z directions independently. The node nearest
the offset coordinate was selected. The amount of offset was 10% of the model’s overall length in each
respective direction (16.6, 13.5, and 13.5 mm in X, Y, and Z, respectively as shown in Fig. 4). The six shifted NDT
locations were evaluated for each of the five impact cases (30 total simulations).
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Fig. 3. Size and shape scaling of the SIMon FEHM, Fig. 4. NDT node location variations. Original NDT
positive scaling shown. node and nodes selected at offset locations.

Measured Values

Metrics were calculated to quantify brain displacement histories and brain strains and are separated into
two categories: Displacement Metrics and Strain Metrics.

Displacement Metrics: The normalized root mean squared error (NRMSE) between the experimental NDT
displacement history and NDT node displacement history was calculated to quantify the ‘goodness-of-fit’ of the
simulated results. The equation used to calculate NRMSE is:

211/2
Y (dsim—dExp) (1)

ZdEpo ’

where dsim is the simulated displacement at a given time point and de is the experimental displacement at
the same time point. Peak-to-peak (P2P) displacement amplitudes were calculated as the maximum minus the
minimum relative NDT node displacement over the entire time history and are given in millimeters.

Strain Metrics: The maximum principal strain (MPS) to occur in any of the brain parts (cerebrum, cerebellum,
and brainstem) at any time throughout the simulation was recorded. Cumulative strain damage measure
(CSDM) was also calculated for all of the brain parts [31]. CSDM is the fraction of a volume that exceeds a
specified strain threshold, which for the purposes of this study was set to 0.25 (i.e. CSDM(0.25)). For example, if
CSDM(0.25) equals 0.05, then 5% of the brain volume reaches or surpasses a strain value of 0.25 at some point
throughout the simulation.

Displacement metrics and strain metrics were calculated for the five baseline cases, the mass added cases,
and the scaled cases. Only displacement metrics were evaluated for the NDT location variation cases because
the global strain metrics were identical to the baseline cases (the model was unchanged, displacements were
simply measured at different locations). All of the numerical results were calculated as the percent change in
the measured values from the respective baseline simulation. These percent changes were then averaged over
all of the impact cases in order to capture changes due to model variations. Raw averages and average
magnitudes of percent changes are given for each model variation. Raw averages show whether a variation
increased or decreased a measured value and average magnitudes quantify the sensitivity of a measured value
to a particular variation. For model scaling and NDT location offsets the averages were also combined for the
positive and negative direction for each scenario (e.g. £X, Y, +Z, +XYZ).

In the experimental study, two clusters of seven NDTs were implanted into each cadaver brain. The
displacement metrics discussed here are for the NDTs and NDT nodes at the center of each cluster (NDT 4 and
NDT 11 for cluster 1 and 2, respectively [16]).

NRMSE = [

Modeling Assumptions

The simulations conducted in this study assume that rigid body kinematics of the skull are adequate to
describe how impact forces are transmitted to the brain. Therefore, deformations of the skull, either local to
the impact site or affecting overall skull shape, are assumed to have a negligible effect on brain deformations.
The effect of NDT mass on brain deformations was examined by adding point masses at NDT node locations.
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Point masses have no volume, therefore moments of inertia of the NDTs as well as initial brain strains due to
the presence of the NDTs are assumed to be negligible. Furthermore, the technique used to model NDTs does
not allow for any slippage of NDTs through brain material. This was considered to be inconsequential as the
NDTs in the experimental study returned to their pre-impact positions [16], indicating that slippage did not
occur.

lll. RESULTS

For each model variation examined two sample plots are given showing the NDT displacement histories from
an experimental impact, its baseline simulation and the modified simulations. These displacement plots are
presented to visually highlight how the different model variations influenced NDT node motion. The sample
plots are from impact case 1 (C288-T3) and impact case 4 (C380-T4) [16]. These two cases were selected to be
sample plots for several reasons. First, the case 1 baseline signal shows good phase agreement but poor
magnitude agreement and the case 4 baseline signal shows good magnitude agreement but is out of phase, or
inverted from the experimental signal. Second, the changes in displacement histories due to model variations in
these two cases are representative of the results as a whole (Appendix A shows plots of all simulated cases).
Lastly, these cases highlight how significantly the parameters varied could influence the agreement with
experimental results.

NDT Mass

Fig. 5 show the sample plots of the NDT node displacement histories from three mass added cases. A section
of the impact case 4 plot is blown up to illustrate the effect that adding point masses at NDT nodes has on the
measured displacement histories. The results from the actual NDT mass x2 simulations have been omitted
because they were nearly identical to the actual NDT mass results.

Case 1: NDT 4 X-Disp. \

Exp f ]
Baseline '
AT —
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Fig. 5. NDT mass displacement histories (sample plots). Adding point masses at NDT locations had a small effect
on displacement histories.

Table 1 shows the changes in NRMSE and P2P displacement for each of the NDT mass added cases. Adding
point masses at the NDT locations slightly improved the fit of the simulated displacement histories with
experiment (negative ANRMSE) and slightly increased the NDT displacement amplitudes (positive AP2P). The
observed changes increased with increasing NDT node mass.

Table 1: NDT mass displacement metrics

ANRMSE in Displacement AP2P Displacement
Actual x5 x10 Actual x5 x10
Raw Average -1.40%  -2.36%  -3.46% Raw Average 0.53% 1.88% 3.76%
Avg. Magnitude 2.33% 3.55% 5.09% Avg. Magnitude 2.06% 4.70% 8.66%

Table 2 shows changes in MPS and CSDM associated with increasing NDT mass. All raw averages observed
were positive, so increasing NDT mass increased strains in the brain. The observed changes in strain were
minimal (usually <1%), but did increase slightly with increasing NDT node mass.
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Table 2: NDT mass strain metrics

AMPS ACSDM
Actual x5 x10 Actual x5 x10
Raw Average 0.03% 0.19% 0.39% Raw Average 0.02% 0.18% 0.22%
Avg. Magnitude 0.03% 0.19% 0.39% Avg. Magnitude 0.16% 0.87% 1.49%

Including a point mass at the NDT locations had small effect on displacement metrics and a minimal effect on
strain metrics. The changes observed did increase with increasing NDT mass; however any changes observed
were small, especially for simulations conducted with the actual NDT mass added.

Head Size/Shape Variations

Fig. 6 show the sample plots with the NDT node histories for all of the scaling scenarios. Varying the size and
shape of the head model slightly altered both the phase and amplitude of the displacement histories. In the
case 4 example, negative scaling decreased the amplitude of the displacement and slightly improved the fit with
experiment, while positive scaling had the opposite effect.
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Fig. 6. Scaled model displacement histories (sample plots).

Table 3 shows changes in displacement metrics associated with each scaling scenario. Negative scaling
generally improved the fit of the NDT node displacement histories with experiment, while positive scaling often
degraded the fit. Positive scaling increased P2P displacements, while negative scaling decreased P2P
displacements, with the exception of Y-direction scaling, which showed the opposite trend. Of the individual
scaling directions, Z-direction scaling had the largest effect on measured displacement metrics.

Table 3: Head size and shape variation displacement metrics
ANRMSE in Displacement
+X +Y +Z +XYZ -X -Y -Z -XYZ
Raw Average -0.83% -0.51%  15.10% 10.26%  -3.41% -0.72%  -4.77% -6.50%
Avg. Magnitude 6.56% 9.75% 17.05%  15.56% 7.16% 9.34% 10.09% 13.41%

Positive and Negative Directions Combined
X 1Y 7 XYZ
Avg. Magnitude 6.86% 9.55% 13.57% 14.49%

AP2P Displacement
+X +Y +Z +XYZ -X -Y -Z -XYZ
Raw Average 7.85% -9.58%  33.61% 27.65% -4.00% 11.89% -11.63% -15.09%
Avg. Magnitude 15.41% 24.93% 41.18%  32.25% 14.50% 29.12% 27.84%  22.30%

Positive and Negative Directions Combined
+X Y +Z XYZ
Avg. Magnitude 14.95% 27.03% 34.51% 27.27%

Table 4 shows changes in strain metrics associated with each scaling scenario. Positive scaling of the SIMon
FEHM resulted in higher strains, while negative scaling decreased strains. The changes in strain metrics were
most sensitive to scaling in all directions simultaneously (xXYZ), and were least sensitive to scaling in the Y-
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direction (1Y). Changes in both displacement and strain metrics due to model scaling were much larger than the
changes observed from adding NDT point masses.

Table 4: Head size and shape variation strain metrics
AMPS
+X +Y +Z +XYZ -X -Y -Z -XYZ
Raw Average 11.36% 6.96% 11.28%  19.40% -10.01%  2.23% -6.02%  -16.25%
Avg. Magnitude 11.36% 9.49% 11.28%  19.40%  10.01% 4.05% 6.02% 16.25%

Positive and Negative Directions Combined

X 1Y 7 XYZ
Avg. Magnitude 10.69% 6.77% 8.65% 17.83%
ACSDM
+X +Y +Z +XYZ -X -Y -Z -XYZ
Raw Average 69.67% 2491% 68.64% 160.19% -38.91% -3.12% -28.20% -68.63%

Avg. Magnitude 69.67%  27.67%  68.64% 160.19% 3891% 12.19% 28.20% 68.63%

Positive and Negative Directions Combined
+X Y +Z XYZ
Avg. Magnitude 54.29% 19.93% 48.42% 114.41%

NDT Location Variations

Fig. 7 shows the sample plots with displacement histories observed at NDT locations offset from the original
NDT node location in the positive and negative Z-direction (superior and inferior, respectively). Note that Z-
direction offsets were 13.5 millimeters (=% inch). Varying the NDT location slightly had a large effect on the NDT
node displacement histories. For the examples given, shifting the NDT location in the negative Z-direction
(inferiorly) degraded the fit with experiment and resulted in an inverted signal for case 1. Shifting the NDT
location in the positive Z-direction (superiorly) significantly improved the fit with experiment and resulted in an
inverted signal for case 4.

Case 1: NDT 4 X-Disp. Case 4: NDT 4 Y-Disp.
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Fig. 7 Shifted NDT location displacement histories (sample plots). Only Z-direction shifts are shown. Similar
results were observed for many of the Z-direction offset cases.

Table 5 shows the displacement metrics observed when the displacement histories were measured at
locations offset from the original NDT node location. Both NRMSE and P2P displacement were very sensitive to
changes in NDT location. The largest changes in NRMSE were observed when the location was shifted in the Z-
direction.
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Table 5: NDT location variation displacement metrics
ANRMSE in Displacement

+X +Y +Z -X -Y -Z
Raw Average 9.69% 9.67% -14.63% -11.56% 1.84% 36.10%
Avg. Magnitude 15.64% 17.48% 18.34% 20.78% 17.91% 39.05%
Positive and Negative Directions Combined
X 1Y 1z
Avg. Magnitude 18.21% 17.69% 28.69%

AP2P Displacement

+X +Y +Z -X -Y -Z
Raw Average -0.38% -1.84% 25.99% -5.85% 7.36% 36.71%
Avg. Magnitude 36.21% 57.02% 41.51% 34.81% 51.20% 63.87%
Positive and Negative Directions Combined
X 1Y +Z
Avg. Magnitude 35.51% 54.11% 52.69%

Note that positive Z and negative X shifts resulted in large negative ANRMSE raw averages. Therefore, the fit
with experiment was generally improved when the NDT nodes were shifted superiorly and posteriorly (see also
Appendix B, Table 5).

IV. DISCUSSION
NDT Mass

This portion of the study was conducted to investigate whether the mass of targets implanted in a PMHS’s
brain could interfere with the displacements that those targets were intended to measure. The mass of the
NDTs used in the experimental study had a negligible effect on both displacement metrics and strain metrics.
However, when that mass was increased (actual NDT mass x5 and x10) the changes in measured displacement
metrics increased as well. Therefore, as long as implanted targets are sufficiently small and have a density near
that of brain the measured relative displacement histories are suitable for model validation.

Head Size/Shape Variations

Directional and volumetric scaling was conducted to investigate how differences in PMHS and finite element
(FE) model size and shape could influence brain deformations. An example of where this would be relevant is
when trying to replicate impact to a small female head with a 50" percentile male FE model (this was in fact
nearly the case for the present study, as many of the anthropometric measurements of the PMHS skulls were
smaller than that of a 50" percentile male). Decreasing the size of the model (negative scaling) generally
improved the fit with experiment, which was expected as the model was more accurately representing the
experimental specimens in these scaled configurations. Increasing the size of the model resulted in larger
relative brain displacements and strains, which was also an expected result given the equal velocity equal stress
scaling relationship [32-34].

The results indicate that for the same kinematic inputs the scaled models experienced different relative
displacements and strains than the baseline model. This result has implications for both model validation and
injury prediction. In terms of model validation, the results imply that researchers must account for differences
in PMHS and FEHM size and shape when validating or tuning the properties of a model. It is suggested that the
size and shape of the PMHS skull and the FEHM skull be matched as close as possible before any comparison
attempts are made. This requires that several precise anthropometric measurements be provided by
experimental researchers for the purpose of model validation. In terms of injury prediction, the results indicate
that no single FE model will be able to accurately predict injury for all humans, even if head kinematics are
precisely known. Studies have claimed to predict precise brain injuries in numerous individuals without
accounting for head geometry variations [35]. The present study indicates that variations in head geometry
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modulate brain strains, which are the cause of injury; therefore, studies that have not accounted for head
size/shape may be misleading.

NDT Location Variations

Displacement histories were measured at nodes offset from the original NDT node locations to investigate
how sensitive the displacement histories were to spatial measurement variations. This portion of the study was
conducted because NDT locations in the experimental study were referenced to each specimen’s approximate
head center of gravity (CG), a reference point that can vary from specimen to specimen and from experiment to
simulation. The results of this section indicate that relatively small NDT location changes (=13.5 mm) can
dramatically alter the simulated displacement histories and their agreement with experiment. Therefore, the
differences between experimental and computational displacement histories may be largely attributed to errors
matching experimental and computational NDT locations.

The changes in displacement history phase and magnitude observed at shifted NDT locations are due to the
wavelike nature of deformations in the brain. The concept can be visualized by considering oscillation of a string
at its second harmonic frequency (Fig. 8). Measuring displacement histories at various locations along the
length of the string would result in large changes in displacement magnitude (a to b) and/or inversion of phase
(a to c), as was often seen with superior shifts in NDT location in the current study. Deformation waves of the
brain are three dimensional and the geometry of the medium is much more complex, but the concept is the
same.

=

Fig. 8. String oscillating at its second harmonic frequency as an analogy for brain deformation wave motion.

No head measurement was provided from the experimental study in the Z-direction and for nearly every
displacement history observed shifting the NDT location superiorly (+Z) improved the fit, while inferior shifts (-Z)
almost always degraded the fit with experiment (see Appendix). This may imply that the experimental
coordinate system origin was located superior to the computational coordinate system origin. Future
experimental and computational efforts should aim to reduce coordinate systems discrepancies. This could be
accomplished by referencing the NDT locations to multiple skull landmarks or by including CT scan images with
the coordinate system and origin clearly defined.

The importance of anthropometric measurements and references in the Z-direction should be emphasized, as
model scaling and NDT location offsets in the Z-direction caused large changes in displacement histories and
measurements in this direction are not always provided in the literature.

Limitations

One of the major limitations of this study was that very few data points were collected for each parameter
investigated. It may be useful, for example, to examine varying degrees of scaling and NDT location variations
(i.e. 5, 10, 15%), in addition to the values selected for this study. Another limitation is that only one FE model
was used for the simulations in this study. It is possible that FE models other than the SIMon FEHM would
display different degrees of sensitivity to the variations made in this study.
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V. CONCLUSIONS

The effects of three parameters on relative brain displacements and brain strains were investigated by
simulating cadaver head impacts with the SIMon FEHM. The parameters considered were the mass of NDTs, the
size and shape of the head model and the location of the NDTs. The mass of NDTs implanted in the brain during
cadaver head impact experiments does not affect measured displacements if the targets are sufficiently small
and light, as they were in the referenced experimental study. Strains induced by NDTs are negligible. Both the
size and shape of the skull and brain affect relative brain displacements and strains. Increasing the size of the
brain generally increases brain displacements and strains. Variations in NDT locations significantly alter the
measured brain displacement histories and can substantially improve or degrade the fit with experiment.
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VII. APPENDIX
Appendix A: Displacement Histories
NDT Mass
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Figs. 1-4: C288-T3 NDT mass added displacement histories. NDT 4 was at the center of Cluster 1 and NDT 11
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was at the center of Cluster 2.
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Figs. 5-8: C380-T2 NDT mass added displacement histories.
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Figs. 9-12: C380-T3 NDT mass added displacement histories.
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Figs. 13-16: C380-T4 NDT mass added displacement histories.
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Figs. 17-20: C393-T4 NDT mass added displacement histories.
Head Size/Shape Variations
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Figs. 21-24: C288-T3 NDT scaled model displacement histories.
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Figs. 25-28: C380-T2 NDT scaled model displacement histories.
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Figs. 29-32: C380-T3 NDT scaled model displacement histories.
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Figs. 33-36: C380-T4 NDT scaled model displacement histories.
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Figs. 37-40: C393-T4 NDT scaled model displacement histories.
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NDT Location Variations
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Figs. 41-44: C288-T3 NDT offset NDT location displacement histories.
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Figs. 45-48: C380-T2 NDT offset NDT location displacement histories.
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Figs. 49-52: C380-T3 NDT offset NDT location displacement histories.
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Figs. 53-56: C380-T4 NDT offset NDT location displacement histories.
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Figs. 57-60: C393-T4 NDT offset NDT location displacement histories.

Appendix B: Numerical Results

NDT Mass
%A NRMSE
Baseline| Actual x5 x10
c1 X|] 0.69 | -0.51% | -3.60% | -7.02%
28813 Z] 111 | -0.18%
2 X| 077 | -1.69% | -6.44% |-11.76%
Z| 0.84
c1 Y| 0.85 | -0.36% | -0.10%
C380.T2 X| 151 |-0.36% | -1.19% | -2.22%
2 Y| 095 |-0.31%
X| 1.47 -0.56% | -1.30%
1 Y| 1.20 | -2.47%| -6.73% |-12.01%
C380-T3 o -
2 Y| 101 |-1.01% | -3.99% | -7.71%
Z] 073 |-0.62% | -0.33%
1 Y| 134 | -3.91% | -4.69% | -5.52%
€380-T4 Z| 0.67 | -1.66% | -1.46% | -1.09%
2 Y| 115 | -6.38% | -7.75% | -9.38%
Z|] 096 |-6.33%| -7.16% | -8.18%
1 X] 0.69 -7.34% -9.21% |-11.45%
c308.T4 Z] 094 |-0.32% | -0.80% | -1.37%
2 X|] 067 | -3.86% | -5.04% | -6.43%
Z] 1.85
Better Fit 16 15 13
Worse Fit 4 5 7
Better Fit (All) a4
Worse Fit (All) 16

Table 1: Percent change in NRMSE due to added NDT
Mass. This table gives the impact case, the NDT
cluster (C1 or C2), the displacement directions, the
baseline NRMSE and the percent change in NRMSE
for each NDT mass value added. Green boxes indicate
an improved fit with experiment and red boxes
indicate a worsened fit. The number of cases that
made the fit better or worse is also given at the
bottom of the table.
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Table 2: Percent change in MPS and CSDM due to added NDT Mass. Green boxes indicate a decrease in strain
and red boxed indicate an increase in strain.

IRCOBI Conference 2017

%A MPS

Actual

Impact | Baseline
Case MPS
C288-T3 | 7.80E-01
C380-T2 | 4.42E-01
C380-T3 | 3.52E-01
C380-T4 | 5.82E-01
C393-T4 | 4.01E-01

Head Size/Shape Variations

Table 3: Percent change in NRMSE due to model scaling. Positive scaling often worsened the fit with experiment

x5

x10

%A CSDM

Impact | Baseline

Case CSDM Actual
C288-T3 | 2.72E-02 | -0.17%
C380-T2 | 6.37E-02 | -0.10%
C380-T3 | 1.45E-02
C380-T4 | 1.36E-01
C393-T4 | 3.80E-02

x5

while negative scaling improved the fit.

%A NRMSE
Baseline +X +Y +Z +XYZ -X -Y -Z -XYZ
c1 X 0.69 -9.58%
C285-T3 z 1.11 -5.05% -2.98% | -3.99% | -7.38% | -12.57%
¢ X 0.77 -11.61% -6.87% | -6.41% | -3.50% | -8.68% | -8.13% | -3.24%
Z| o084 -7.10% | -1.06% | -7.35%
c1 Y| 0.8 -2.18% -1.13%
C380-T2 X 1.51 -7.83% | -11.08% | -9.73% | -22.32%
2 Y| 0.95 -3.11% -0.04%
X 1.47 -6.33% | -17.32% | -21.35% | -22.30%
c1 Y 1.20 -8.06% | -9.31% | -10.20% | -18.16%
C380-T3 Z| 09 -3.85% | -9.79% -8.54%
2 Y 1.01 -10.84% -5.68% -5.37% | -3.67%
Z| 073 -1.14% -5.76% | -5.86% | -2.26% -4.44%
c1 Y 1.34 -14.69% | -12.74% | -25.76% | -13.78%
C380-T4 2] 09
c2 Y 1.15 -4.10% | -7.22% -10.40% | -3.58% | -11.70% | -8.86%
Z| 0.9 -13.28% -2.24% | -6.30%
c1 X 0.69 -8.72% | -14.43% -4.30% -6.0_4% -5.41%
C393-T4 Z| 094 -14.27% -2.99% -7.69% | -4.15%
2 X 0.67 -4.31% | -19.56% | -3.45% | -26.71% | -2.49% _ :
z 1.85 -12.30% | -14.63% -12.01% | -26.42% | -43.92% | -55.16%
Better Fit 10 9 3 6 15 10 12 12
Worse Fit 10 11 17 14 5 10 8 8
Better Fit (+) 28 Better Fit(-) 49
Worse Fit (+) 52 Worse Fit (-) 31

-429-




IRC-17-58

IRCOBI Conference 2017

Table 4: Percent change in MPS and CSDM due to model scaling. Positive scaling almost always increased strains
while negative scaling decreased strains.

NDT Location Variations

Impact | Baseline %A MPS
Case MPS +X +Y +Z +XYZ -X -Y -Z -XYZ
C288-T3 | 7.80E-01 -19.43%
C380-T2 | 4.42E-01 -20.02%
C380-T3 | 3.52E-01 -13.42%
C380-T4 | 5.82E-01 -12.07%
C393-T4 |4.01E-01 -16.32%
Impact | Baseline
Case CSDM XYZ
C288-T3 | 2.72E-02 -56.35%
C380-T2 | 6.37E-02 -78.12%
C380-T3 | 1.45E-02 -84.36%
C380-T4 | 1.36E-01 -39.75%
C393-T4 | 3.80E-02 -84.59%

Table 5: Percent change in NRMSE due to NDT location offsets. Negative X and positive Z NDT location shifts
almost always improved the fit with experiment.

%0 NRMSE
Baseline +X -X +Y -Y +Z -Z
8 X| 069 -0.04% -20.92%
28873 z| 111 | 2.48% | -13.53% | -10.47% | -0.47% | -2.74% | -12.32%
o | X 077 | -2.09% | 152% -8.25% | -27.99%
z| osa -5.15% -2.24% | -0.13%
o Y| _o8s 0.72% | 6.40% | -0.57%
S X| 151 -31.19% -21.66% | -24.63%
o || 095 -1.25% | -0.26% -3.68%
X| 147 -45.80% | -15.81% | -2.90% | -40.91%
1 Y| 120 | -1.72% | -4.15% -26.24% | -15.25% | -5.07%
€380-T3 £] 090 ; ,
oYl 101 -7.31% | -0.16% -30.66%
Z| o073 -11.37%
& Y| 134 |-16.98% | -38.83% | -11.71% | -38.18% | -42.19%
C380-T4 L] 068 . .
oYl 118 7.70% | -26.26% | -20.36% | -1.57% | -34.64%
Z| 096 -17.48% -0.61%
11X | 069 -26.44% -19.67%
39374 Z| 094 -17.66% -6.97%
o | X 067 -3.40% | -31.29% . -12.13% | -6.78%
z| 185 |[-23.88% | -56.50% | -18.86% | -39.24% | -41.50% | -11.92%
Better Fit 8 16 7 11 17 4
Worse Fit 12 4 13 9 3 16
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Peak-To-Peak Displacements (all cases)

Table 6: Changes in Peak-To-Peak NDT displacements for all model variations. Experimental and baseline P2P
displacements and the percent difference between the two are given as well. Percent change from baseline
cells are color formatted: blue indicates decreases in P2P displacement and red indicates increases with more
intensely colored cells indicating larger changes.

Exp. |Baseli %A NDT Masses Scaling Offsets
Actual | x5 | w0 | x | o | 4z Jewvz] x | v | -z [x2] ox | oy | 2 | x| v | -2
wora 2 597 | 230 [e1sk| 17% sax 1sow|170% 229% -224% -113% Caad% 15.3% -15.6% -22.9%[-420% -606% 622% 14% 20.6% 17.3%
(- z| 392 | 218 |-aa3%| 06% 34% 6% [-195% -09% 388K 13.4% 5% -20.4%| 12.8% |-55.8% -12.0% 56.1% 14.8% -20.7%
worgal X 413 137 |-e6.9%| 4.8% 238% 47.4%|368% -109% 10.0% 337% 52% | | 19.2% 56.3% | 17.8% -47.95-2.2%
z]| as6 | 177 [-612%)-00% -06% -0.7% |-105% -14% 352% 7.% 37.8% 12.2% -29.5% -6.8% |-611% -01% 13 15.3% -15.5%
wora | ] 838 | 750 [17s% ] 0% 4% 304% -233% 136% -4% -101%[ -81% 5% 7.6% 28% 255% 0.0% |
— x| s29 | 345 |-45.0%] -06% 225% 671% -14.4% -23.2% -18.2% -32.3%| 49.9% TL3% -38.3% 76.0%
woral Y] se0 | 292 [-ae.7%| -01% 26.8% 38.4% -18.5% [EBA%] 21% 15.8% 24.0%
x| 871 | a0 |-a6.1%| -0.5% 26.4% 44.7% -13.5% -413% -41.8% -419%
wora Y] 48t | 23 [-aeax] se% -12.5% 6.9% -260% 4.3% -17.7%
s z| 3s1 | 343 |-23%)| oo | 250% -6.2% 410% -39.2% -6.7%
worky] 78t | 231 [71emf sae sew ez f-2e% 0% 28.2% -17.1% 6.0% -7.8%
z]| ass | 218 |-sise)-1s% -18% -16% | -5.0% -17.5% 30.7% -43.3% -17.7%
wora Y] 805 | soe [-327%] 7.3% -02% 37k -6e% 13 -14.7% -33.3% -16.1% -42.0%
i z| 338 | 28 |-15.4%| a3% 4% 9.0% | 208% [E5E -6.5% | 59.1% -34.1% -15.0%
wornal Y] 915 | 242 [-7asx| 23% a2 -123| -sox B0l 15.0% 82% -4.2% -16%
z| a7 | 253 |-47.00) 1.2% 20% 31% | -8.0% [-418% 43.3% -1.0% -12.4% 44.4% -38.1% -18.7%
wora ] 1049 | a0 [-ssan] 24 esx 1zow[esx 227% -228% 33% -0o% -154% sox -8.6% -7.9% 452% 5L7% -13.% 63.2%
- z| s 2.21 |-sss%| -5.2% -a.0% -2.5% |-15.2% -263% 385% 58% 60% 7.7% -43.7% -25.0%|-26.9% PR -35.4% -4.9% [HOLAM -17.8%
worlX] 170 | s7 [s1zx| om ssx o | 7ex 2% -13ex 30mm -33% -15.9% [H20SW) -36.4%| -3.8% -7.9% 308% S24% 22.2%
z| 250 | 377 |4sex| 0% 20% 36% | 6.0% -208% 624% 229% -9.4% 153% -39.9% -33.3%|-48.7% 218% -40.4% -35.0% -30.0%
Actual| x5 | x10 | X | ¥ | +z | +xvz] X | ¥ | z | Xz | + | +¥ | X -y Z
[ RawAverage [-a1.0%] 0.5% 19% 3.8% | 7.8% -6.6% 33.6% 27.6% | -4.0% 118% -11.6% -15.1%| -0.4% -18% 26.0% | -5.8% 7.4% 36.7%
[Aversge Magnitude] 47.3% | 2.1%  4.7% 8.7% |154% 24.0% 412% 32.2% | 14.5% 20.1% 27.8% 22.3% | 36.2% 57.0% 415% ] 34.8% 512% 63.9%
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