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Figure 6.9: ATD kinematics for 6° neck angle in Nightingale et al. (1997a) impact surface and
orientation conditions
I

Figure 6.10: ATD kinematics for 6° neck angle in lateral Configurations 1 and 2 from the current
study
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In PMHS experimentation, increased head constraint increases the risk of cervical spine
injury. If the head cannot escape the following torso, the torso is decelerated by forces
transferred through the neck. Direct comparison between the ATD neck loads of lubricated
Teflon and padded surface impacts shows that in the -15, 0, and 15 degree impact plate
scenarios, the peak ATD upper and lower neck axial loads were reduced by approximately 2-
7% by the introduction of padding. The exception is the 6 degree angle lower neck load on the
15 degree surfaces in which the loads were within 1%. In contrast, padding increased the ATD
upper and lower neck loads in the 30 degree impact surface test condition. In the current set of
experiments, once the angle between the axis of the ATD neck and the impact surface reached
approximately 20 degrees, the increased constraint imposed on the ATD by padding resulted in
higher neck loads.

The lower neck axial force impulse was also compared between lubricated Teflon and
padded impacts. In every impact orientation, padding increased the impulse calculated from the
lower neck axial force. The average increase was approximately 5% in 0 and 15 degree impacts
and over 75% in 30 and -15 degree impacts. Unlike axial force, the axial impulse calculated at
the lower neck increases with head constraint in all test condition and by a large margin in -15

degree posterior and 30 degree anterior impacts.

6.3.2 — Comparison to PMHS Response

The 20 PMHS tests reconstructed with the Hybrid IIl ATD were divided into four groups
for comparison to ATD lower neck axial force response. The four groups include 3 experiments
conducted with a laterally inclined plate, 2 experiments conducted with a pre-laterally flexed
neck, 8 constrained to sagittal plane motion on a Teflon impact surface and 7 experiments
constrained to the sagittal plane conducted with a padded impact surface. The range in the axial
force responses for the ATD are depicted by the gray corridors and each PMHS experiment is

plotted and depicted by the black lines in Figure 6.11.
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Figure 6.11: Comparison of PMHS and ATD lower neck axial force responses for 15 degree
laterally inclined surface tests (A), 15 degree pre-laterally flexed head-neck tests (B)
Nightingale et al. (1997a) lubricated Teflon tests (C) and Nightingale et al (1997a) padded tests

(D)

The lower neck axial force response of the PMHS and ATD compares favorably for each

of the groups of experiments during the initial loading. The rate of axial load onset is similar and

does not begin to diverge until the PMHS fails or the cervical column buckles. Because the

PMHS is force limited due to either material or structural failure, the peak forces cannot be

directly compared. Across all 14 PMHS test conditions that resulted in a documented injury, the

ATD peak load occurred, on average, within 2 milliseconds after the time of documented PMHS

failure load. When evaluating rigid and padded impacts separately, the ATD peak load was

measured, on average, approximately 1 and 2 milliseconds after the time of PMHS failure load

respectively.
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Similarly, the lower neck axial force versus cart displacement responses of the PMHS

and ATD experiments compare favorably during the initial loading phase. The rate of axial load

onset is similar and doesn’t begin to diverge until the PMHS fails or the cervical column buckles.
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Figure 6.12: Comparison of PMHS and ATD lower neck axial force versus drop cart
displacement for 15 degree laterally inclined surface tests (A), 15 degree pre-laterally flexed
head-neck tests (B) Nightingale et al. (1997a) lubricated Teflon tests (C) and Nightingale et al

(1997a) padded tests (D)

Across all 12 PMHS test conditions that resulted in a documented injury in which cart

displacement data was available, the ATD peak load occurred with in approximately 4

millimeters of additional cart displacement, on average, compared to the documented PMHS

failure cart displacement. When evaluating rigid and padded impacts separately, the ATD peak

load occurred, on average, at less than 1 and 8 millimeters more displacement than the cart

displacement at PMHS failure respectively. The greater variance in padded impacts can be

explained by the onset of ATD load occurring later in padded impacts in Figure 6.12 (D). This
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suggests the stiffness of the padding used in the PMHS and ATD tests was not exactly the

same and highlights the influence of padding characteristics on the axial force response of the

ATD neck.

6.3.3 ATD Neck Compressive Injury Metrics

Since PMHS are force limited by either structural (buckling) or material (fracture or
ligament rupture) failure, direct comparison of PMHS loads to those measured in the ATD neck
must be made carefully. In order for an injury criterion to be easily calculated and interpreted
from the response of an ATD, peak loads are typically used. The peak kinetics measured in the
ATD neck during test conditions that result in an increased risk of PMHS were generally greater
in magnitude. The exception is the 0 and 15 degree anterior impacts on lubricated Teflon. The
lower coefficient of friction in these impacts results in fewer and less severe injuries in the
PMHS compared to impacts with a padded surface which have an increased probability of
PMHS injury. In the 0 and 15 degree lubricated Teflon test conditions, the ATD head-neck is
unable to escape the following torso mass and the loads measured exceed those in padded
surface impacts. The head constraint present in the ATD reconstruction of these test conditions
exceeds that of the PMHS and correlating to the respective injury outcomes may result in
underestimation of the probability of injury. Analysis was conducted using two groups of
matched ATD responses with PMHS outcomes. The first included all 20 experiments with
known PMHS injury outcomes and second excluded the 0 and 15 degree Teflon impacts
resulting in only 14 experiments with known PMHS injury outcomes.

The resulting p-values from comparison of upper and lower neck ATD peak axial forces
across injury groups are presented in Table 6.3. The peak ATD lower neck axial force was
found to delineate test conditions resulting in non-injury and stable injury from unstable injury
when the 0 and 15 degree rigid impacts were excluded in both the 6 and 17.5 degree neck

angle test conditions. The peak upper neck axial force delineates test conditions resulting in
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non-injury from stable and unstable injury when all the test conditions were included for both the
6 and 17.5 degree neck angles. Equally important are the test conditions under which the lowest
axial force was measured in a test condition that resulted in an unstable injury in the PMHS.
These tests are the 30 degree lubricated Teflon impact surface for the 6 degree angle neck and
the -15 degree padded impact surface for the 17.5 degree angle neck. The resulting upper neck
axial compressive force for each test condition is -6,482 N and -6,613 N respectively. The
resulting lower neck axial compressive force for each test condition is -6,290 N and -6,503 N
respectively. These values are consistent with both the Nij compressive intercept and
compressive IARYV derived by Mertz et al. (1978).

Table 6.3: Comparison of peak ATD neck axial force across PMHS injury groups

All Male PMHS Excluding 0° / 15°

Quicomes Teflon Qutcomes

Any Unstable Any Unstable
Injury Injury Imjury Imjury

p Value p Value p Value p Value
6° Upper Neck Fz 0.059* 0.497 0,140 0.540
17.5° Upper Neck Fz 0.036" 0.564 0.269 0.544
5° Lower Meck Fz 0.441 0.183* 0.836 0.097*
17.5° Lower Neck Fz 0.362 0.152 0.465 0.031*

G° Lower Meck Fz Impulse 0.450 0.595 0.577 0.538
17.5° Lower Meck Fz Impulse  0.232 0.227 0.255 0.194
“Wilcoxson Ranked Sum Test results is p < 0,10

The peak lower neck axial force in each test condition maintained for various length
pulse durations are plotted in Figure 6.13. Each line on the plot represents a single test
condition with multiple PMHS injury outcomes. Green lines represent test conditions in which no
unstable injuries occurred, whereas red lines represent the presence of unstable injuries.
Generally, the frequency of unstable injuries increases as the magnitude and duration of the
axial neck load increases. The slope of the plotted lines is steeper than the results of Mertz et
al. (1978) when the ATD impacted a football tackling block. The characteristics of the padding
used in experimentation will have a significant influence on the overall pulse shape and duration

measured by the ATD neck load cell. Based on Figure 6.13, in either the current test conditions
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or those of Mertz et al., a peak ATD neck load of 6,000 N sustained for approximately 5

milliseconds results the “potential for serious neck injury” as defined by Mertz et al.
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Figure 6.13: Comparison of the Hybrid Ill ATD reconstructions of Mertz et al. (1978) to the
current study using a 6 degree (A) and 17.5 degree (B) neck

The lower neck axial impulse was sensitive to the additional head constraint from
padding, however, the overall average magnitude of axial impulse between injury groups did not
differ by a wide margin. The significance of the difference between injury groups was strongly
influenced by the initial neck angle (Table 6.3). P values for differences in both the any injury
and the unstable injury groups ranged between 0.2 and 0.25 for the 17.5 degree neck but
ranged from 0.45 to 0.55 for the 6 degree neck.

The lower and upper neck Nij values were calculated. Similar to PMHS experimentation,
the sagittal plane moment measured in the ATD neck did not add significantly to the ability to
predict PMHS injury outcomes. The contribution of the sagittal plane moment to the Nij
magnitude varied little between test conditions and was unable to delineate between test
conditions that caused PMHS injury. The lower neck sagittal plane moment contributed 10.1 +/-
3.1% and 14.6 +/- 2.5% of the total lower neck Nij for the 6 degree and 17.5 degree neck
orientations respectively. The upper neck sagittal plane moment contributed 4.1 +/- 4.1% and
4.9 +/- 3.7% of the total upper neck Nij for the 6 degree and 17.5 degree neck orientations

respectively. The relatively small contributions are explained by how closely the force is applied
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to the centerline of ATD neck in the loading scenarios investigated in the current study (Figure
6.8). Additionally, based on the geometry of the ATD head-neck complex, when the moments
are calculated at the centerline of the base of the neck in these test conditions, they are almost
exclusively of a positive polarity or forward flexion.

The eccentricity of the applied sagittal plane resultant force was calculated for each test
condition in order to evaluate the possibility of defining an Ngcc injury metric for the ATD neck.
The overall range of eccentricities was smaller than PMHS experiments. The magnitude of the
lower neck eccentricities was 11.2 +/- 3.8 mm and 16.9 +/- 3.2 mm for the 6 and 17.5 degree
neck orientations respectively for each of the test conditions evaluated. The magnitude of the
upper neck eccentricities was 4.8 +/- 5.3 mm and 6.7 +/- 5.2 mm for the 6 and 17.5 degree neck
orientations respectively. The ATD lower neck sagittal plane peak resultant force is plotted
against the eccentricity from center of the base of the neck for each of the 17.5 degree neck

angle test conditions evaluated in Figure 6.14.
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Figure 6.14: ATD peak lower neck sagittal plane resultant force versus eccentricity from the
neck centerline for each of the test conditions evaluated
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As the ATD neck and impact surface angle becomes more oblique, the peak force
decreases and the eccentricity increases. During PMHS testing, the peak resultant load
occurred at a positive (anterior) eccentricity for each test condition except for the 30 degree
anterior oriented impacts which resulted in 5 to 10 millimeters of negative (posterior)
eccentricity. For the 17.5 degree angled ATD neck, an eccentricity of approximately 15
millimeters appears to correlate with the center of the PMHS C7/T1 intervertebral disc. A similar
analysis was conducted for the 6 degree neck angle and approximately 10 millimeters of
eccentricity correlates with the center of the PMHS C7/T1 intervertebral disc. This is depicted in
Figure 6.15 in which cervical vertebrae have been overlaid on the ATD neck. ATD lower neck
kinetics are generally reported at the centerline of the base of the neck where the yellow lines
intersect. Based on the measured responses in the current testing, this appears to be
approximately 10 to 15 millimeter posterior of the point that would correlate to the kinetics of the

center of the C7/T1 PMHS intervertebral disc.
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Figure 6.15: Cervical vertebrae overlaid on Hybrid Il 50" percentile ATD neck
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The point at which the lower neck forces and moments are reported is critical to deriving
a Necc injury criteria based on the ATD neck response. This location varies depending on the
neck angle used in the current study. Additionally, the derivation of a PMHS Ngcc was aided by
a wider range of kinetic responses, some of which included eccentricities approaching 60 mm at
failure. The Hybrid Il ATD has a very narrow range of measured eccentricities in the test
conditions evaluated in this study. Finally, the experiments reconstructed with the Hybrid 1ll ATD
head and neck are conducted very near the threshold for PMHS injury. A single test condition
results in multiple PMHS injury outcomes with very little variation in the Nece. A wider range of
test conditions with known PMHS injury outcomes is necessary to fully develop a Ngcc criterion

for the Hybrid Ill ATD neck.

6.3.4 Logistic Regression

The limited number of male PMHS experiments able to be reconstructed limits the
statistical significance of the findings. Analysis of the matched data set of Hybrid Ill ATD neck
response and PMHS injury outcomes in the same test conditions resulted in only two
correlations with significance levels better than p < 0.1. The peak ATD lower neck axial force
was found to delineate test conditions resulting in non-injury and stable injury from unstable
injury when the 0 and 15 degree rigid impacts were excluded. The peak upper neck axial force
delineates the test conditions resulting in non-injury from stable and unstable injury when all the
test conditions were included. Probability of injury curves for the injury definitions with the
highest significance levels based on upper and lower neck compressive force are presented for
the purpose of comparison to the currently defined Hybrid Il 50" percentile neck compressive
IARVs. The 6 and 17.5 degree ATD neck angle are evaluated separately. Table 6.4 contains the

matched data set of ATD upper and lower neck response and PMHS injury outcome.
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Table 6.4: Matched ATD neck response and PMHS injury outcome data set

PMHS Data Hybrid Wl - 50th Percentile Neck Data
Test Information Documented Failure Peak Force Neck Lower Neck Upper Neck
Study Test Age Test Tirma Fz Cart Injury Time Fz Angle  Time Fz Time Fz
D Condition | (msec.) (N} Disp (mm) Stability | (msec.) (N} (deg.) (msec.) {N) (msec.) (M)
Current 1 T6  Config 1 - - - Ml 82 -5122 [ 4.7 -T743 55 -8438
Current 2 80  Config 1 - - - Ml 106 -3643 3] 4.7 -7743 55 -8438
Current 3 55 Config1 45 -1518 14.6 unstable a7 -4371 ] 4.4 -8365 53 -8030
Current 4 77 Config2 3 -3396 87 stable 8.1 -4694 L& 4.4 -6744 589 -TOGE6
Current 5 88 Config2 2.2 -3472 73 stable 38 -4668 6 4.6 -7107 4.3 -8401
Mightingale MO5 36 20 a3 -1552 25.8 unstable 16.3 -1858 6 5.1 -6270 4.8 -6482
Mightingale M18 - 15 6.4 -1871 19.8 unstable 117 -2494 i T -8454 ] -9516
Mightingale D41 &9 15 - - - Ml 57 -3839 & 7 -8454 B -9516
Mightingale 132 78 15 a9 -2416 119 stable 28 -2005 6 7 -5454 B -9516
Mightingale MN26 &5 0 - - - Ml 29 -3877 6 62 -7553 66 -5564
Mightingale N24 &2 0 22 -1845 - stable* B85 -2308 6 65 -9865 5] -11145
Mightingale M22 71 0 6.5 - 1966 - unstable® [ 141 -2814 3] 65 -9865 5] -11145
Mightingale N11 55 -15 - - - Ml 6.6 -2639 3] 5 -7854 58 -8346
Mightingale  M21 &1 30 14.8 -1635 456 stable 209 -1767 6 22 -7052 222 -7410
Mightingale MN234 46 30 - - - M x2 -2052 6 22 -T052 222 -7410
Mightingale 108 80 15 305 -2915 745 unstable* [ 18.1 -4273 i 202 -85602 21 -5396
Mightingale 104 63 15 18 -1675 56.3 unstable* | 221 -2218 6 202 -8502 21 -9398
Mightingale MNO3 75 0 182 -3473 53.2 unstable | 21.3 -3937 i 209 -9162 216 -10338
Mighfingale NAZ2 61 -15 156 -1969 48.5 stable 156 -1969 & 209 -T651 212 -7995
Mightingale 125 59 -15 18.4 -2565 54.9 unstable 175 -3443 ] 208 -7651 21.2 -75995
Current 1 76 Config1 - - - Ml 82 -5122 175 47 -7381 5 -T659
Current 2 80 Ceonfig 1 - - - Ml 106 -3643 175 a7 -7391 5 -7659
Current 3 55  Config 1 45 -1518 146 unstable &7 -4371 175 46 -7888 56 -8272
Current 4 77T Config2 3 -3396 87 stable 9.1 -4694 175 4.8 -6597 4.7 -6463
Current ] 88 Config2 2.2 -3472 73 stable 38 -466S 17.5 4.4 -T215 4.9 -7151
Mightingale MNOS 36 20 83 -1562 25.8 unstable 16.3 -1858 17.5 5 -TE98 5.7 -8449
Mightingale  M1& - 15 6.4 -1871 19.8 unstable 11.7 -2494 17.5 6.5 -9676 6.8 -10943
Mightingale D41 &9 15 - - - Ml 5.7 -3839 17.5 6.5 -9676 6.8 -10943
Mightingale 132 78 15 39 -2416 119 stable 28 -2905 17.5 6.5 -9676 6.8 -10943
Mightingale MN26 &5 0 - - - Ml 89 -3877 17.5 54 -6926 B.1 -T563
Mightingale MN24 &2 0 22 -1845 - stable* 85 -2308 17.5 5 -8805 B.1 -9718
Mightingale MN22 71 0 6.5 -1966 - unstable* [ 14.1 -2814 175 5 -8805 B.1 -9718
Mightingale M11 55 =15 - - - Ml 6.6 -2539 175 5.1 -6659 4.7 -6731
Mightingale M21 &1 30 148 -1635 456 stabhe 208 -1757 175 219 -7745 229 -8503
Mightingale MN234 46 30 - - - Ml 22 -2052 175 219 -7745 229 -8503
Mightingale 108 80 15 30.5 -2915 74.5 unstable® [ 181 4273 17.5 218 -9169 22 -10360
Mightingale 104 &3 15 18 -1675 56.3 unstable® [ 221 -2218 17.5 2198 -89169 22 -10360
Mightingale MO3Z 75 0 18.2 -34T3 532 unstable | 213 -3937 175 196 -8558 20 -9214
Nightingale NAZ 61 -15 156  -1969 485 stable | 156 1969 | 175 202 -6503 207 6613
Mightingale 125 59 -15 18.4 -2565 549 unstable 175 -3443 17.5 202 -6503 201 -6613
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Logistic regressions were conducted for both the upper and lower neck axial force
responses in test conditions matched to PMHS human subject injury outcomes. Based on
previous comparison between injury groups, the lower neck response data was used to
generate the probability of unstable PMHS cervical damage whereas the upper neck data was
used to evaluate the probability of any PMHS cervical damage. In both scenarios, the entire set
of 20 experiments was evaluated as well as the set of experiments excluding 0 and 15 degree
impacts on lubricated Teflon for the aforementioned reasons. The regression model and
independent variable (axial force) statistics are presented in Table 6.5. Additionally, the percent
of the time that the model accurately predicted the injury outcome based on the underlying data
set is presented. The specificity (correctly predicted the lack of an injury outcome), sensitivity

(correctly predicted the presence of injury outcome) and total percentages are listed.

Table 6.5: Logistic regression model and variable statistics

Model Statistic Variable Statistic Model Predicted Correctly
Neck Angle | -2LL Chi’* P value | Wald Chi® P value | Specificity Sensitivity Total
Lower Neck 6° Neck 1.998 0.158 1.768 0.184 91.7% 25.0%  65.0%
Compressive  17.5°Neck | 2.264 0.132 2.060 0.151 0.0% 100.0%  71.4%
Force - Unstable  6° Neck* 3.280 0.070 2.437 0.118 | 100.0% 66.7%  857%
Injury 17.5° Neck* | 5.293 0.021 3.124 0.077 | 100.0% 66.7%  85.7%
Upper Neck 6° Neck 4.210 0.040 3.025 0.082 33.3% 85.7%  70.0%
Compressive 17.5° MNeck 4180 0.041 3084 0.0v49 33 3% TB. 6% 65.0%
Force - Any 6° Meck* 2817 0.093 1.945 0.163 250% 90.0%  71.4%
Injury 17.5° Neck* | 1.529 0.216 1.261 0.261 0.0% 1000%  71.4%

* Excluding 07 / 15° Rigid Impacts

Similar to the previous comparison of means between injury groupings, model and
variable significance levels are highest when evaluating the entire data set for the upper neck
loads and excluding the 0 and 15 degree lubricated Teflon impacts when evaluating the lower
neck loads. Additionally, when attempting to delineate unstable injury with lower neck loads the
specificity of the model is greater but upper neck loads are more sensitive at detecting the
likelihood any cervical injury. Figure 6.16 depicts the probability of unstable injury based on

lower neck loads and Figure 6.17 the probability of any injury based on upper neck loads.
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Figure 6.16: Probability of PMHS unstable orthopedic cervical damage based on the Hybrid Ill
50" percentile lower neck compressive force for a 6 degree (A) and 17.5 degree (B) neck angle
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Figure 6.17: Probability of any PMHS orthopedic cervical damage based on the Hybrid 11l 50"
percentile upper neck compressive force for a 6 degree (A) and 17.5 degree (B) neck angle

The 95% confidence intervals depicted in Figures 6.15 and 6.16 are very wide. The test
conditions evaluated were all very near the threshold for PMHS injury. For a given test
condition, in many cases multiple different PMHS injury outcomes were observed. Combined
with the fact that the data set is relatively small, this likely is the major influence on the size of
the confidence intervals. Although the confidence intervals are large, the underlying data are a
good representation of outcomes in test conditions that are very near the PMHS injury threshold

in the test methodology utilized.
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The 5 and 50% probability of any injury ranged from approximately 3,340 to 4,710 N and

7,170 to 7,660 N of upper neck axial force depending on ATD neck angle. The wide range at
low probability of injury is due to the limited underlying data near the tail of the probability curve.
The 5 and 50% probability of unstable injury ranged from approximately 5,950 to 6,160 N and

7,770 to 7,910 N of lower neck axial force depending on ATD neck angle.

6.4 Discussion

The Hybrid Il family of ATDs is often used to evaluate the potential for catastrophic
compressive cervical spine injury. A limited number of direct correlations between the Hybrid IlI
ATD response and human injury outcomes are available in the literature. The interpretation of
measured neck loads and moments in various loading scenarios would be aided by a better
understanding of the correlation between the mechanical responses in the Hybrid Il ATD and
the risk of injury in the human cervical spine. This was accomplished by creating a matched
data set of ATD response and PMHS injury outcomes through experimental reconstruction of 20
PMHS experiments with the Hybrid 11l ATD head and neck.

The Hybrid Ill ATD head and neck assembly was found to be robust and extremely
repeatable in severe impact scenarios. The initial axial force response of the ATD head-neck is
very comparable to PMHS experiments up to the point of PMHS cervical column buckle or
material failure. The time and displacement of the drop cart at the peak ATD response occurred
very close to the time and displacement of the drop cart at documented PMHS failure. The
Hybrid Ill ATD head and neck best matched the response of PMHS experiments with a pre-
laterally flexed posture which better couples the head to the torso (Figures 6.10(B) and 6.11(B)).
Based on the geometry and construction of the Hybrid Ill ATD neck, it is expected that its
response would even closer match dynamic PMHS experiments with pre-forward flexed

resulting in an aligned cervical column (Pintar et al. 1995).
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In most of the impact scenarios evaluated, the overall head kinematics of the ATD were
similar to the PMHS. The exception was the 0 and 15 degree lubricated Teflon impacts. Several
factors may contribute to this difference including greater coupling of the ATD head to the drop
cart torso mass, the straighter geometry of the ATD neck and increased scalp friction of the
ATD resulting in greater head constraint of the ATD in these scenarios then a PMHS. The
practical result of this increased effective constraint is to make the response of Hybrid Ill head
and neck a conservative predictor of injury in these impact conditions. However, there is not a
high likelihood of interacting with a surface with a similar coefficient of friction as lubricated
Teflon in real-world impact scenarios. As the friction in a real-world impact scenario increase,
the ATD response and correlation to PMHS injury outcomes in padded impacts will better
predict the probability of sustaining a cervical injury.

Two ATD neck angles with respect to vertical were chosen to evaluate a reasonable
range of potential ATD head-neck orientations with the impact surfaces. A 6 degree neck angle
was chosen as a representation of ATD neck head-neck orientations at the onset of automotive
crash testing and 17.5 degree neck angle was chosen to more closely represent the orientation
of the PMHS experiments being reconstructed. The neck angle relative to vertical used in the
experiments did not have a large influence on the 50% probability of sustaining a cervical injury.
It did have more influence on the range of loads estimated for probabilities of injury near the
tails of the regression curves. Since the different neck angles evaluated changes the overall
geometry of the ATD head-neck complex relative to the impact surface, neck angle did influence
which impact conditions were associated with the highest or lowest loads and subsequently
highest or lowest probability of injury. The 6 degree neck is least likely to result in a predicted
injury in a 30 degree anterior impact on lubricated Teflon and the 17.5 degree neck is least likely
to result in a predicted injury in a — 15 degree posterior impact on a padded surface. One PMHS

unstable injury was documented in both of these scenarios resulting in @ minimum range of
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peak ATD lower neck axial force associated with unstable injury of 6,270 to 6,502 N for the
current data set.

The number of experiments in the matched data set limits the statistical significance of
the injury probability curves generated. The presented probability of injury curves are not
recommended as definitive risk assessment, however, the logistic regressions are valuable for
comparison to the currently defined neck compressive load IARVs and strengthen the basis for
the IARVs by adding to the number of PMHS injury outcomes that the Hybrid IIl ATD has been
correlated to. As more data becomes available, the ATD response and probability of human
cervical injury relationship can be improved and potentially expanded to include additional injury
criteria.

The average of the 6 and 17.5 degree neck angle peak ATD upper neck load associated
with a 5% probability of any injury in a PMHS was found to be 4,025 N which is nearly equal to
the current upper neck compressive force IARV. The average of the 6 and 17.5 degree neck
angle peak ATD lower neck load associated with a 5% probability of an unstable injury in a
PMHS was found to be 6,055 N. The lowest lower neck compressive force associated with a
PMHS unstable injury producing test condition ranged from 6,290 N to 6,503 N depending on
the initial neck angle of the ATD used in the experiment. Each of these values is consistent with
both the Nij compressive intercept (6,200 N) and the upper compressive force threshold (6,670
N) above which there is a potential to cause serious neck injury as defined by Mertz et al.
(1978). In the loading environment evaluated as part of the current study, where ATD head,
neck and torso mass impact speeds are at the threshold for causing catastrophic cervical injury
in the PMHS, the difference between 4,000 N and 6,000 N in the ATD neck is a matter of

approximately 2 to 3 millimeters of additional torso cart displacement.



141

6.5 Conclusions

The Hybrid Ill ATD head and neck assembly was found to be robust and extremely
repeatable in severe impact scenarios. The initial axial force response of the ATD head-neck is
very comparable to PMHS experiments up to the point of PMHS cervical column buckle or
material failure. AlS injury scaling of the cervical spine is highly dependant on the magnitude of
spinal cord involvement. Unstable cervical orthopedic injuries have a greater risk of spinal cord
injury and the need for surgical intervention. The smallest lower neck peak compressive force
measured using the current set of PMHS test conditions with known injury outcomes that was
associated with a PMHS unstable injury ranged from 6,290 N to 6,503 N depending on the initial
neck angle of the ATD used in the experiment. The 5% probability of unstable injury ranged
from approximately 5,950 to 6,160 N of lower neck axial force depending on ATD neck angle.
These values are consistent with the both the reported finding of Mertz et al. (1978) and the
current Nij compressive force intercept. The 5% probability of any injury ranged from
approximately 3,340 to 4,710 N of upper neck axial force depending on ATD neck angle. This is

consistent with the current FMVSS 208 compressive axial force limit of 4,000 N.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

Overall compressive neck injury dynamics and tolerances in laterally inclined impacts
and postures are similar to previous studies of purely sagittal plane dynamics based on these
test results. Impact speeds for the five tests ranged from 2.9 to 3.25 m/s. Three of the five
PMHS sustained compressive cervical vertebral fractures at loads ranging between 1,518 N and
3,472 N. The asymmetric postures and loading resulted in asymmetric fracture patterns. The
pre-laterally flexed neck affected the neck axial force response and the average failure load in
the current study. The initial axial response indicated a better coupling between the head and
torso and the average failure load was approximately 50% greater than the average failure load
reported for males by Nightingale et al. (1997a). Although lateral pre-flexion of the head-neck
complex influenced axial response, shear forces and the lateral bending moment magnitudes at
failure were small in comparison to sagittal plane responses in both test configurations. These
secondary kinetics primarily act to modify the location of the applied axial force relative to the
cervical column and in doing so, influence the magnitude of the axial response and specific
injury outcomes. The axial response and failure load of a neutrally oriented neck against a
laterally inclined impact plate is consistent with the neutral posture sagittal plane studies of
Nightingale et al. (1997a). The failure loads of the pre-laterally flexed necks impacted onto a flat
surface are consistent sagittal plane studies of Pintar et al. (1995) in which the cervical column
was aligned through anterior pre-flexion.

A more refined PMHS cervical spine compressive injury tolerance was derived by
combining the available dynamic PMHS experimentation including measured neck kinetics
conducted by different laboratories using various test methodologies. The compressive force
measured at the base of the neck associated with a 50% probability of stable and unstable

orthopedic damage is 2,956 N and 3,938 N respectively. A new injury metric, Ngcc, was derived
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based on the kinetics of PMHS experimentation at the time of documented failure. Ngcc
improves the ability to delineate between stable and unstable compressive cervical injuries and
by defining the location of the applied load, the type of injury likely to be sustained can be
anticipated. The Negcc measured at the base of the neck associated with a 50% probability of
stable and unstable orthopedic damage is 0.86 and 1.09 respectively.

The Hybrid Ill ATD head and neck assembly was found to be robust and extremely
repeatable in severe impact scenarios. The initial axial force response of the ATD head-neck is
very comparable to the PMHS experiments up to the point of PMHS cervical column buckle or
material failure. AIS injury scaling of cervical injury above AIS level 1 and 2 is highly dependent
on the magnitude of spinal cord involvement. Unstable cervical orthopedic injuries have a
greater risk of spinal cord injury and the need for surgical intervention. The smallest lower neck
peak compressive force measured using the current set of PMHS test conditions with known
injury outcomes that was associated with a PMHS unstable injury ranged from 6,290 N to 6,503
N depending on the initial neck angle of the ATD used in the experiment. The 5% probability of
unstable injury ranged from approximately 5,950 to 6,160 N of lower neck axial force depending
on ATD neck angle. These values are consistent with the both the reported finding of Mertz et
al. (1978) and the current Nij compressive force intercept. The 5% probability of any injury
ranged from approximately 3,340 to 4,710 N of upper neck axial force depending on ATD neck
angle. This is consistent with the current FMVSS 208 compressive axial force limit of 4,000 N.

The test methodologies used by Pintar et al. (1995) and Nightingale et al. (1997a) are
limited in their ability to define local kinetics at the site of injury and their ability to delineate
injuries sustained at multiple vertebral levels in a single test. Analysis of individual cervical
motion segment kinematics is limited to high speed video which is heavily dependent on the
visible anatomical landmarks and the light necessary for clear depiction of motion at high frame
rates. Use of advanced instrumentation techniques such as high speed bi-planar x-ray and

acoustic sensors would aid in the definition of the local kinematics and kinetics at the site of
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injury. These dynamics are especially important to injuries that result during the cervical spine’s
post-buckled orientation. Once these dynamics are more accurately defined, further
investigation of oblique or three-dimensional cervical spinal response can be conducted.
Currently, it is difficult to assess the influence of the fairly large axial twist moments measured in
lateral test configurations. The quantification of PMHS bone mineral density used in
experimentation is important in order to better define female cervical spine compressive injury
tolerance and to more accurately assess the influence of donor age.

Additional PMHS experiments conducted over a wider range of impact conditions,
including more test conditions that do not result in PMHS material failure, are necessary for a
more rigorous statistical analysis of injury outcomes and their relationship to physical
biomechanical surrogates’ responses. The potential to include the natural lordosis of the human
cervical spine in future physical surrogates should be evaluated, but a repeatable mechanical

response must be maintained for consistency of results between laboratories.
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Injuries in motor vehicle accidents continue to be a serious and costly societal
problem. Automotive safety researchers have observed noticeable lateral bending of the
anthropomorphic test device (ATD) neck prior to or in conjunction with head impact with the
vehicle roof in rollover crash tests. Since there is scant data available about the effects of
lateral bending on overall compressive tolerance of the human cervical spine, it is unknown
if the presence of lateral bending is important to consider during impacts with the apex of the
head. Compressive injury tolerance has historically been reported by identifying the axial
force at the time of injury measured at the base of the neck, however, axial force at failure
exhibits variation and this has been attributed to the alignment of the cervical vertebra and
the end conditions of test methodology used. Robust and sensitive injury metrics for human
compressive cervical spine tolerance that can be applied to a wide range of loading
conditions and head-neck postures would be useful in evaluating and developing
mechanically meaningful and robust anthropomorphic test devices (ATDs) and their
associated injury assessment reference values (IARVs). As the Hybrid Il ATD continues to

be used in automotive rollover applications, interpretation of measured neck loads in this
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testing mode would be aided by a better understanding of human cervical spine response
and tolerance in compression dominated combined loading scenarios and their correlation to
Hybrid 11l ATD neck responses.

The effects of lateral bending on the compressive cervical spine dynamic response
and tolerance was investigated through post mortem human subject (PMHS) head-neck
complex experimentation. Similar to findings of previous researchers, the initial cervical
posture influenced the mechanical response of the spine and the loads at failure. The
results were combined with available historical compressive cervical spine tolerance studies
that include head and neck dynamics, cervical kinetics and known end conditions. A re-
evaluation of the axial force tolerance of the PMHS cervical spine as well as derivation of a
mechanistically relevant eccentricity based injury tolerance metric that can be applied to a
wider range of loading vectors and initial cervical spine postures were conducted. Finally,
the Hybrid Ill ATD neck compressive injury assessment reference values (IARVs) were
evaluated through reconstruction of PMHS experiments with known injury outcomes using
the Hybrid Ill head and neck assembly. Results are consistent with the currently defined
IARVs and provide additional experimental support of the IARVs in loading modes that are

known to result in PMHS compressive cervical injuries.
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