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EXECUTIVE SUMMARY

The Federal Aviation Administration (FAA) is conducting research to support the development
of aircraft side-facing neck injury criteria and tolerances for Title 14 Code of Federal
Regulations (CFR). Recent research conducted for the FAA involved the use of dynamic sled
tests using postmortem human subjects (PMHS) and the EuroSID-2 (ES-2) anthropomorphic test
dummy, which was designed for automotive side-impact applications. The purpose of the
current study was to obtain PMHS injury and neck load data associated with lateral high-
moment/low-tension loads at the neck, conduct comparable tests on an ES-2, correlate the
results, and develop Injury Assessment Reference Values (IARV) for the ES-2 based on current
and previous FAA-sponsored research.

To obtain the necessary data, a component test methodology was developed to induce a high
lateral or lateral bending moment with low axial tensile force at the occipital condyles (OC) of
the human head-neck complex. A series of tests were conducted on whole-body PMHS and
intact and isolated head-neck complexes. Head angular and linear accelerations and angular
velocities were computed using a custom pyramid nine-accelerometer package on the head;
PMHS-specific physical properties, including center of gravity and moments of inertia in the
three dimensions; and equations of equilibrium. These data were used to compute neck loads
(i.e., forces and moments at the OC). Data from 24 tests indicated that lateral moments up to 74
Newton meter (Nm) at the OC associated with very low levels of axial tensile forces—Iess than
300 Newton (N)—produced no injuries. This was assessed using palpation, x-rays, computed
tomography, and a detailed autopsy.

Using a matched pair test procedure, the ES-2 was subjected to lateral bending moment loads
using the same loading fixtures and experimental setups as the PMHS. An IARV specific to the
ES-2 was developed using the current PMHS and ES-2 research data. A peak lateral bending
moment of 115 Nm IARYV is recommended for the ES-2.

The data support the development of performance standards for the certification of aircraft side-

facing seats and associated protection systems and the development of ES-2 IARV test
certification criteria to demonstrate compliance to the CFR.
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1. INTRODUCTION.

The Federal Aviation Administration (FAA) is conducting research to support the development
of aircraft side-facing seat neck injury criteria and tolerances for Title 14 Code of Federal
Regulations (CFR). Recent research conducted for the FAA (Philippens et al., 2011) involved
the use of dynamic sled tests using postmortem human subjects (PMHS) and the EuroSID-2 (ES-
2) anthropomorphic test dummy (ATD), which was designed for automotive side-impact
applications. The purpose of the current study was to obtain additional data to support the
development of the requirement. Specifically, the Medical College of Wisconsin (MCW)
obtained PMHS injury and neck load data associated with coronal or lateral high-moment/low-
tension loads at the neck; conducted comparable tests on an ES-2; correlated the results; and
developed an Injury Assessment Reference Value (IARV) for the ES-2 based on the current and
previous FAA research. These results support the FAA in the development of the requirement
and ES-2 test certification criteria to demonstrate compliance.

1.1 OBJECTIVE.

The overall objectives of this study were (1) to investigate the biomechanics of the human head-
neck complexes with a focus on neck injuries in side-facing aircraft seats, and (2) to develop
neck injury assessment values that can be used to establish FAA requirements.

In the first phase of the study (PMHS tests), a component-level test was developed to obtain
PMHS injury data and establish Injury Reference Values (IRV).

In the second phase of the study (ES-2 tests), a matched pair test procedure was conducted using
the ES-2 (matched to the PMHS).

In the third phase of the study, IARV specific to the ES-2 was obtained. The IARV criteria from
the past FAA study and the current research supports performance standards for the certification
of side-facing aircraft seats and associated protection systems.

2. BACKGROUND.

To determine human injury tolerances due to impacts, PMHS are used as experimental models in
aviation, motor vehicle, athletics, and other environments (Soltis et al., 2003; Yoganandan et al.,
1998; Yoganandan et al., 2007a). From side-impact perspectives, the test subject is exposed to
impacts using free-fall (Fayon et al., 1977; Tarriere et al., 1979; Walfisch et al., 1980); sled
(Eppinger et al., 1984; Pintar et al., 1997; Yoganandan et al., 2009b; and Yoganandan et al.,
2008a); and pendulum (Nusholtz et al., 1982; Viano et al., 1989; Yoganandan et al., 1997; and
Yoganandan et al., 1996) devices. Intact PMHS have also been used in full-scale vehicle tests in
this mode (Douglas et al., 2007; Klaus and Kalleris, 1982, 1983; Klaus et al., 1984). Following
the application of the external load, parameters (such as accelerations and deformations) are
obtained using techniques including x-rays and autopsy, and the resulting injuries are
documented. The connection between the PMHS and in vivo humans, particularly with respect
to features such as the musculoskeletal structure, allows the specification of human tolerance to
trauma. This methodology has been used to establish injury criteria and applications to crash test



dummies (Eppinger et al., 1984 and Kuppa et al., 2000). The primary focus of these studies was
thoracic trauma.

With regard to external loads, considerable efforts have focused on motor vehicle crashes
(Yoganandan et al., 2009b and Yoganandan et al.,, 2008a). Data generated from models
replicating specific trauma scenarios have led to the development of safety-engineered systems,
such as torso airbags and head curtains, and the promulgation of requirements, including those in
the U.S. Federal Motor Vehicle Safety Standards (FMVSS). FMVSS 214 (NHTSA, 1990, 1999)
is an example, and in other countries there are similar requirements. The primary focus of these
previous studies was to define, quantify, and mitigate injuries to the thorax, abdomen, and pelvic
regions of the human body. Research efforts have been conducted for aircraft environments,
with a focus on the head and neck regions of the human body (Philippens et al., 2009 and Soltis,
2001). Although Soltis’ proposed neck injury criteria are based on the literature, the analysis
emphasized the need to obtain data from PMHS experiments. Currently, specific IRVs for the
head-neck region in lateral impacts do not exist, and this includes motor vehicle and aircraft
environments. Therefore, it was necessary for the FAA to develop the necessary neck injury
data.

The FAA sponsored an earlier study (Philippens et al., 2011) to investigate neck injuries in side-
facing aircraft seats, develop injury criteria, and advance IARVs for the ES-2. Ten PMHS tests
provided data on neck injuries and injury criteria in side-impact loading. Computer simulations
and ES-2 sled tests were conducted to guide the definition of test conditions and establish
corresponding values for injury criteria and ES-2 tolerance values. A rigid seat without cushion
was initially used to minimize the influence of the seat on the results. A rigid seat with cushions
was used for the three-point seat belt tests. Due to the stiffness of in-service, side-facing seats,
the performance of the rigid seat with cushions was considered comparable. Since the
kinematics of the occupant dominates the results (injury mechanisms), the effect of the seat
(cushion) was not considered significant.

Ten tests with PMHS and ES-2 were used for this previous study. Two test configurations were
used: a rigid seat with the thorax and pelvis restrained to the seat and an aircraft seat (including
bottom, back panel, and armrest cushions) using a current in-service, three-point aircraft seatbelt.
Two pulse types were used for the rigid-seat configuration tests: a 12.5-g sled deceleration with
the velocity change prescribed in 14 CFR 25.562 and a 15.5-g sled deceleration with a 44%
increase in velocity (twice the kinetic energy). Similarly, two pulse types were used for the
aircraft seat configuration tests: a 12.5-g sled deceleration with the velocity prescribed in 14
CFR 25.562, and a 8.5-g sled deceleration with a 30% decrease in velocity.

Using the Abbreviated Injury Scale, (AIS) (Association for the Advancement of Automotive
Medicine, 1990), minor neck injuries (AIS 1) occurred with the 12.5-g rigid-seat tests, and
higher-severity injuries (AIS 3+) occurred with the same impact severity using the aircraft seat
and a three-point seat belt restraint system. As serious injuries were attributed to the kinematics
of the three-point seat belt-restrained occupant, it was expected that serious neck injury could
occur using a standard three-point restraint system. The lowest-severity aircraft seat tests resulted
in AIS 3 injuries in one PMHS and no injury in the other. The severe 15.5-g, rigid-seat tests
resulted in AIS 2 injuries in one PMHS and AIS 3+ in the other PMHS.



Tensile force was found to be the discriminating parameter for predicting AIS 3+ neck injuries.
The ES-2 upper-neck forces of 2300 and 1800 Newtons corresponding to 50% and 25% risks
were suggested IARVs when combined with a minimum shear force, bending, or torque. The
report stated: “explicit tolerance values for pure bending or shear loads would be helpful to
complete the dataset” (Philippens et al., 2011).

The objective of the present study was to (1) develop a methodology to induce loading such that
a high level of lateral bending moment accompanied by a low level of axial tensile force is
applied to the head-neck complex, (2) determine the axial tensile and lateral bending moment
from the developed experimental and computational methodologies, and (3) determine the
potential head-neck injury criteria applicable to lateral impact loads with a primary focus on
aviation environments. Specifically, the overall goal in the first phase of the study was to
provide a PMHS-based IRV, and the second phase was to provide an ES-2-based IARV criteria.

3. METHODS—THE PMHS TESTS.

Prior to conducting the tests, unembalmed PMHS were screened for human immunodeficiency
virus (HIV) and hepatitis A, B, and C. Pretest x-rays were obtained and anteroposterior (AP)
and lateral radiographs were examined to ensure the integrity of the head-neck complex.

3.1 THE PMHS PREPARATION AND MOUNTING.

An analysis of existing methodologies for testing intact and isolated PMHS head-neck
complexes indicated pure moment testing of functional units and segmented cervical columns,
direct impact loading of head-neck complexes, and inverted drops of osteoligamentous cervical
columns with the head and torso mass (Pintar et al., 2005; Pintar et al., 1998; Yoganandan et al.,
1998; Yoganandan et al., 1986; and Yoganandan et al., 2008b). Drop tests result in vertical
loads and always involve an axial-force component. Likewise, pure moment tests conducted
using quasi-static rates are not applicable to traumatic situations, such as those considered in this
study. These techniques were therefore deemed unsuitable to meet the present objectives as the
intent was to achieve a unique loading condition (i.e., high lateral bending moment accompanied
by low tensile force). The following novel methodology was used in this study.

The PMHS intact and isolated head-neck complexes were subjected to external loads using an
electrohydraulic loading device (MTS Systems, Minneapolis, MN). Preparation included
clothing the PMHS in tight-fitting leotards and positioning it on a custom-designed seat fixture,
rigidly fixed to the platform of the testing device. The PMHS was seated upright with the head
Frankfort plane horizontal, and a diagonal seat belt was used to restrain the torso supported by
the back plate. To apply lateral flexion moment at varying rates of loading, the occiput (back
part of the head) was connected to the loading device via a custom apparatus (figure 1). The
cable shown in the figure was coupled to the load device piston to apply a torque to the PMHS
occiput via a shaft. The shaft was aligned with the occipital condylar axis of the PMHS. The
shaft was connected to a load cell that was attached to an interface plate that was screwed to the
occiput to ensure rigid fixation. For isolated head-neck complex tests, the caudal end of each
PMHS was fixed in polymethyl-methacrylate with the C3-C4 disc maintained horizontal. This
fixative and procedure is commonly used in spine biomechanics studies (Yoganandan et al.,



1998). After rigid fixation of the caudal end of the PMHS to the test fixture, the occiput was
coupled to the loading device to apply the lateral bending moment.

Cable attached to loading device

Load cell

Interface plate

Figure 1. Fixture Used to Apply Lateral Bending Moments
3.2 LOADING.

The PMHS was loaded incrementally using a displacement control protocol with piston
velocities from 2.0 to 7.0 m/s. To control the external load, feedback from a linear variable
differential transformer (LVDT) displacement transducer connected in-series to the piston of the
load device was used. Piston displacements were preset to limit excursions during loading. The
PMHS was palpated after each loading test, and the PMHS was subjected to a higher velocity
loading test if no injury was detected. Experienced personnel, including the clinical members of
the research study, performed the palpations. The experimental protocol ceased testing when
injury was confirmed or when reaching the limits of the testing apparatus. Subsequent to the
final test, the PMHS was palpated, radiographs were taken, and computed tomography (CT)
images were obtained at 1.0-mm intervals using a high-resolution CT scanner (Siemens,
Germany).



3.3 THE PMHS INSTRUMENTATION.

Accelerometer instrumentation consisted of a pyramid-shaped, nine-accelerometer package
secured to the lateral region of the head (Yoganandan et al., 2006). The package, shown in
figure 2, had three linear accelerometers along the three orthogonal axes at the vertex, and two
linear accelerometers at each of the three legs of the pyramid (Endevco® Model 7264, San Juan
Capistrano, CA). These were used to obtain translational accelerations from which angular
accelerations and velocities and linear accelerations at the center of gravity (c.g.) of the head
were computed. In addition, a six-axis load cell (Denton, Inc., Rochester Hills, MI) attached to
the occiput recorded the lateral bending moment induced to the PMHS. These data were used to
determine the axial force and lateral bending moment at the head-neck junction (force and
moment at the occipital condyles (OC)).

Figure 2. Pyramid-Shaped, Nine-Accelerometer Package

3.4 PHYSICAL PROPERTIES.

Following the testing sequence and imaging, the inertial properties of the head were determined.
An incision was made on the posterior aspect of the skull along the superior nuchal line. This
was continued anteriorly through the OC joint to the mandible, following the ramus bilaterally to
the angle, and laterally through the soft tissues along a line connecting both mandibular angles.
The head c.g. was determined by attaching a mass equivalent to one-half the mass of the load
cell and suspending the PMHS in two orientations. Reasons for defining the mass of the head in
this manner are provided in section 5. The three-dimensional locations of the head c.g. and OC
were obtained using a FaroArm coordinate measuring device (Faro® Technologies, Inc., Lake
Mary, FL). The c.g. to the OC vector was quantified. To determine the moments of inertia, the
PMHS was oriented on the triangular plate of a torsion pendulum in six different positions along
the three anatomic axes and midline between the anatomical planes. From these measurements
the full moment of inertia tensor was calculated. The external marks of the c.g. and Frankfort
plane were made on the head. Laser line levels were used to align the head in the appropriate
orientation on the triangular plate, and the head was supported using a ring and low-mass pellets.
Moments of inertia were determined using the mean period of 25 oscillations, three wire lengths,
radii, head mass, and tare moment of inertia of the pendulum.



3.5 COORDINATE SYSTEM.

The right-handed Cartesian coordinate system of reference was used in this study. The origin of
the head was at the c.g. with the x-axis parallel along the midline and parallel to the Frankfort
plane, which included the left and right porions and left and right infraorbital notches. The
y-axis was parallel to the Frankfort plane from left to right porion. The z-axis was perpendicular
to the Frankfort plane along the superior to inferior direction (figure 3).

Figure 3. Right-Handed Cartesian Coordinate System (origin is at c.g.)

The polarity of the forces and moments are those defined in SAE 1994. At the upper neck,
positive axial z force indicates neck tension; positive AP shear represents pushing the head in the
-x direction while pushing the neck in the +x direction; positive lateral shear corresponds to
pushing the head in the -y direction while pushing the neck in the +y direction. According to the
convention, forward flexion, right-to-left lateral bending, and right-to-left axial twisting
moments are positive.

3.6 BIOMECHANICAL DATA.

PMHS accelerometer signals, applied moment, and LVDT displacement data were gathered
using a digital data acquisition system. Head c.g., angular and linear accelerations, angular
velocity, axial and shear forces, lateral bending moments at the OC, and the applied integrated
lateral moment were obtained using the dynamic equations of equilibrium and the applied lateral
bending moment. The data were recorded at 20,000 samples per second and filtered using an
SAE International Channel Frequency Class 60 digital filter (SAE International, 2007). The
PMHS and test-specific results are presented in section 4.



4. THE PMHS TEST RESULTS.

4.1 THE PMHS DATA.

The age, stature, and total body mass of the two male subjects were 52 and 53 years, 1.83 and
1.86 m, and 72 and 82 kg, respectively. The first PMHS (PMHS 1) underwent nine tests (Series
1) with the PMHS intact, followed by three tests (Series 2) using the isolated head-neck
complex. The second PMHS (PMHS 2) underwent 12 tests using only the isolated head-neck
complex. This resulted in a total of 24 experiments. The physical properties of the head, such as
mass and moments of inertia, are given in table 1.

Table 1. Physical Properties of the Head

PMHS
Parameter Details Units 1 2
Head mass - kg 5.54 5.60
OC to CG vector X-axis | mm 0.0160 0.0181
z-axis mm 0.0476 0.0509
Moment of inertia | Iy kg-ms* | 0.0237 | 0.0216
Ly kg-ms® |-0.0029 | -0.003
ez kg-ms* | -0.0038 | 0.0005
lyy kg-ms® | 0.0426 | 0.0438
ly, kg-ms® | 0.0055 0.0056
|2 kg-ms* | 0.0376 | 0.0386

4.2 THE PMHS 1 TEST, SERIES 1.

Series 1 consisted of nine tests conducted on the intact PMHS 1. Table 2 includes a summary of
the head angular velocity, integrated bending moment, head angulation data, and piston velocity
for each test. The integrated bending moment was calculated using the applied lateral bending
moment with respect to time. The period of integration occurred during the time the bending
moment value exceeded a threshold of 1% of the peak bending moment during the interval of
interest. Representative plots of integrated bending moment and the resulting head angular
velocity are shown in figures 4 and 5. Data from a six-axis load cell were used to obtain applied
lateral bending moments, axial twist, and flexion and extension moments; axial forces; and
lateral and AP shear forces. Table 3 shows the values at the peak lateral bending moment, which
ranged from 35.86 to 138.62 Nm.



Table 2. The PMHS 1, Series 1 Head Angular Velocity, Integrated Moment, and Head Angle

Data
Head Angular Velocity (x) Integrated Moment | Head Angle | Piston Velocity
Identification Number (rad/s) (Nm-s) (degrees) (m/s)
FNMC124 12.96 0.46 37.09 2.20
FNMC125 12.96 0.37 35.96 3.20
FNMC126 15.10 0.44 35.52 4.30
FNMC127 15.31 0.41 32.67 5.20
FNMC128 16.20 0.42 35.22 5.20
FNMC129 21.90 0.65 40.50 6.10
FNMC130 31.90 1.11 48.05 6.40
FNMC131 28.25 0.92 48.43 6.90
FNMC132 34.84 1.41 52.80 6.60
Table 3. The PMHS 1, Series 1 Summary of Applied Loads
Force Moment
(N) (Nm)

Identification Number Fx Fy F, My My M,

FNMC124 13.08 60.81 -17.61 35.86 1.09 7.50

FNMC125 24.95 39.75 -51.00 41.48 -3.26 7.29

FNMC126 66.09 50.56 -13.35 49.43 -1.47 7.66

FNMC127 -108.80 78.78 8.35 53.16 | 10.27 9.74

FNMC128 -173.82 76.60 63.43 57.13 6.19 9.76

FNMC129 -152.48 | 149.53 60.84 66.51 3.49 5.51

FNMC130 125.31 | 162.56 0.56 81.04 | -17.28 13.58

FNMC131 -169.76 88.55 51.02 72.31 9.13 18.16

FNMC132 -79.20 | 195.22 10.57 | 138.62 0.47 7.91
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Figure 6 shows representative applied moments, and figure 7 shows the corresponding force time
histories recorded from the load cell attached to the occiput. The lateral flexion (M), flexion and
extension (My), and axial twist (M;) moments are shown in figure 6. Forces along the x (AP
shear, Fy), y (lateral shear, Fy), and z (axial, F;) directions are shown in figure 7. The dotted
lines indicate the time of peak lateral-flexion moment.

250

e
g 2

Moment (NM)
&

0
50 -
-100 -
-150 - : : - ; ; - :
-10 0 10 20 _ 30 40 50 60 70
Time (ms)
Figure 6. Representative Applied Moments
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Figure 7. Representative Applied Forces
Figure 8 shows representative time histories of moments, and figure 9 shows forces at the OC for

the same data set shown in figures 4 through 7. To determine peak forces and moments at the
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OC, initial loads stemming from inertial effects were not considered, and a dotted line is drawn
in figures 8 and 9 to indicate the time at which these loads were obtained. Reasons for omitting
the inertial spikes are described in section 5.4. The derived values at the OC at the time of the
peak lateral bending moment are shown in table 4. They include peak lateral bending moments,
axial twist, and flexion and extension moments; axial forces; and lateral and AP shear forces.
Peak lateral bending moments ranged from 12.46 to 36.38 Nm.

Table 4. The PMHS 1, Series 1 Summary of Loads at the OC

Force Moment
(N) (Nm)
Identification Number Fx Fy F, My My M,
FNMC124 -18.64 69.60 |-132.16 |-14.95 0.93 8.55
FNMC125 -14.52 60.15 | -111.35 | -12.76 0.72 8.08
FNMC126 -21.06 60.33 | -127.60 |-15.42 0.58 8.78
FNMC127 -4.69 58.55 |-109.93 | -12.46 0.88 6.88
FNMC128 -5.35 63.91 | -107.48 |-12.56 0.94 6.72
FNMC129 -35.45 68.48 | -127.46 | -18.02 0.60 | 11.52
FNMC130 -88.00 70.58 -64.81 |-26.36 | -18.27 | -9.07
FNMC131 -23.35 76.73 | -146.44 | -20.87 -0.68 | 11.29
FNMC132 -16.37 | 182.43 | -139.97 |-36.38 | -14.06 3.69
FNMC124 -18.64 69.60 |-132.16 |-14.95 0.93 8.55
100 -
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Figure 8. Representative Moments at the OC (The dotted line corresponds to peak data without
inertial effects.)
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Figure 9. Representative Forces at the OC (The dotted line corresponds to peak data without
inertial effects.)

The PMHS 1, Series 1 tests did not result in moments at OCs greater than 36.4 Nm. Because
oscillations were found to occur at higher velocities, testing was discontinued, the PMHS was
palpated, and x-rays were obtained. The PMHS was prepared for isolated head-neck complex
tests and pretest CT scans were performed. No injuries were detected in these images; in
addition, no clinical signs of abnormality were identified during PMHS 1, Series 1 tests.

4.3 THE PMHS 1 TEST, SERIES 2.

Series 2 consisted of three tests performed on the isolated head-neck complex of PMHS 1.
Figures 4 through 9 (section 4.2) are also representative of results obtained in PMHS 1 Test,
Series 2. Table 5 includes a summary of the head angular velocity, integrated bending moment,
head angulation, and piston velocity on a test-by-test basis. Peak applied lateral bending
moments ranged from 32.86 to 181.47 Nm. Axial twist and flexion and extension moments;
axial forces; and lateral and AP shear forces at the time of the application of the peak lateral
bending moment are shown in table 6.

12



Table 5. The PMHS 1, Series 2 Head Angular Velocity, Integrated Moment, and Head Angle

Data
Head Angular Velocity (x) | Integrated Moment | Head Angle | Piston Velocity
Identification Number (rad/s) (Nm-s) (degrees) (m/s)
FNMC133 12.0 0.40 36.48 2.20
FNMC134 14.8 0.54 30.60 2.30
FNMC135 50.3 1.50 51.30 6.00

Table 6. The PMHS 1, Series 2 Summary of Applied Loads

Force Moment
(N) (Nm)
Identification Number Fx Fy F, My My M,
FNMC133 -72.66 6791 | -3.89 3286 | 455 | 11.12
FNMC134 -71.62 82.02 5.93 4528 | 4.00 | 15.82
FNMC135 -105.03 | 20491 | -9.08 | 181.47 | 3.42 | 39.06

Derived peak lateral bending moments, axial and flexion and extension moments; axial forces;
and lateral and AP shear forces at the time of the peak lateral bending moment are given in
table 7. Peak lateral bending moments ranged from 13.33 to 48.54 Nm.

Table 7. The PMHS 1, Series 2 Summary of Loads at the OC

Force Moment
Identification (N) (Nm)

Number Fx Fy F, My My M,
FNMC133 34.89 10.79 | -131.81 | -13.33 3.60 3.10
FNMC134 48.48 18.04 | -200.09 | -20.27 5.29 4.60
FNMC135 54,91 | 150.14 | -296.27 | -48.54 -7.26 -6.69

After the third test, clinical examinations raised uncertainty for potential injury, and, therefore,
further tests were discontinued. However, posttest radiographs and CT images did not reveal

fractures or dislocations to cervical spine vertebrae or to the OC junction.

An AIS 0 was

assigned for each of the three tests. In addition, no clinical signs of instability were found after

the second test series. Figures 10 and 11 show the pretest and posttest images of the head-neck
complex of PMHS 1 after test Series 1 and 2, respectively.
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Figure 10. The PMHS 1, Series 1 (a) Preseries X-Rays, (b) Postseries X-Rays, and (c) Postseries
CT Scan

(@)

Figure 11. The PMHS 1, Series 2 (a) Preseries X-Rays, (b) Postseries, and (c) Postseries
CT Scan

4.4 THE PMHS 2 TEST SERIES.

The PMHS 2 test series consisted of 12 tests using the isolated head-neck complex from
PMHS 2. Table 8 includes a summary of the head angular velocity, integrated bending moment,
head angulation, and piston velocity data. Peak applied lateral bending moments, axial twist and
flexion and extension moments; axial forces; and lateral and AP shear forces at the time of the

peak lateral bending moment are given in table 9. Peak applied lateral bending moments ranged
from 14.02 to 182.98 Nm.
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Table 8. The PMHS 2, Head Angular Velocity, Integrated Moment, and Head Angle Data

Piston
Identification Head Angular Velocity (x) | Integrated Moment | Head Angle VeISO((:)ity
Number (rad/s) (Nm-s) (degrees) (m/s)
FNMC137 5.30 0.23 22.17 2.20
FNMC138 7.20 0.30 29.00 2.10
FNMC139 7.40 0.25 26.84 2.90
FNMC140 13.40 0.37 33.16 4.20
FNMC141 36.75 1.26 48.84 4.60
FNMC142 33.00 0.93 45.32 4.90
FNMC143 39.77 1.18 43.02 5.80
FNMC144 42.80 1.22 49.80 5.70
FNMC145 39.59 1.17 45.08 6.00
FNMC146 51.51 151 50.50 6.10
FNMC147 43.50 1.42 46.19 6.50
FNMC148 38.13 1.72 47.91 6.60
Table 9. The PMHS 2, Summary of Applied Forces and Moments
Force Moment
(N) (Nm)
Identification Number Fy Fy F, My My M,
FNMC137 -2.39 33.21 -3.94 14.02 1.90 2.99
FNMC138 -17.06 47.31 9.19 15.01 2.55 7.16
FNMC139 -20.81 40.45 -24.76 17.76 4.36 3.40
FNMC140 -14.33 | 113.37 -16.51 47.78 -1.72 | 10.21
FNMC141 -196.53 215.45 -40.15 | 143.37 185 | 39.34
FNMC142 62.41 | 223.19 -7.13 | 116.53 | -14.48 | 27.14
FNMC143 22.86 | 236.22 29.27 | 159.36 | -17.54 | 46.09
FNMC144 218.05 | 289.36 | -80.13 | 162,57 | -17.73 | 69.77
FNMC145 -32.76 | 271.52 | 189.36 | 156.12 13.14 | 50.27
FNMC146 61.77 | 406.00 | -52.35 | 184.22 9.86 | 60.48
FNMC147 71.99 668.04 | -211.85 | 165.37 13.45 | 79.75
FNMC148 -198.24 | 670.51 -91.57 | 182.98 24.89 | 61.39
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At the OC, derived peak lateral bending moments, flexion and extension moments; axial forces;
and lateral and AP shear forces at the time of peak lateral bending moment are shown in table 10.

Peak lateral bending moments ranged from 4.34 to 73.60 Nm.

Table 10. The PMHS 2, Summary of Forces and Moments at the OC

Force Moment
(N) (Nm)

Identification Number Fy Fy F, My My M,

FNMC137 7.13 48.69 3.45 -4.34 -1.78 -0.36
FNMC138 -10.46 52.76 -51.18 -5.38 1.07 4.64
FNMC139 -17.32 47.32 -29.14 -3.70 0.77 3.63
FNMC140 -37.87 85.55 | -111.47 -9.84 1.70 9.38
FNMC141 -66.70 44.43 -55.,59 | -31.18 -9.87 -9.80
FNMC142 -29.45 159.11 -87.98 | -21.27 -3.44 8.31
FNMC143 -196.68 0.32 -93.62 | -18.78 | -10.53 8.45
FNMC144 57.63 -73.37 | -134.78 | -28.76 3.92 | 15.02
FNMC145 -202.53 325.85 -49.35 | -38.08 | -29.66 | -20.38
FNMC146 145.15 | -174.08 | -297.83 | -47.37 4.00 | 30.78
FNMC147 53.43 | -213.18 | -401.46 | -48.12 | -11.04 | 12.27
FNMC148 -210.87 | -359.31 | -166.18 | -73.60 | -42.48 -2.27

Posttest radiography raised uncertainty for instability at the atlas axis level (figure 12).
fractures of any vertebra were identified in these x-rays, CT scans, or during the autopsy.
Palpations of the PMHS between successive loadings did not reveal any spinal instability.
Posttest CT scans were also negative for any abnormality. Thus, the PMHS was deemed to have

no injury.

No

Figure 12. The PMHS 2 (a) Preseries X-Rays, (b) Postseries X-Rays, and (c) Postseries CT Scan
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5. DISCUSSION—THE PMHS TESTS.

5.1 OVERALL GOALS.

The goals of the first phase of the project were to develop a methodology to rotate the PMHS in
the sagittal plane using a fixture attached to the electrohydraulic testing device and develop an
IRV. The load cell connected to the back of the specimen head was used to obtain the force and
moments at the OC using the dynamic equations of equilibrium. This novel methodology was
specifically designed for this project. A brief analysis of the literature expanding on the need to
accurately determine the occipital loads is discussed in this section.

5.2 RATIONALE FOR THE PRESENT MODEL.

Side-impact sled tests were conducted using an intact PMHS to determine injuries and
biomechanical metrics such as forces and moments at the OC. A recent study analyzed tests
conducted in Germany in the 1980s to estimate neck loads (Kallieris et al., 1981; Mcintosh et al.,
2007). Out of the 63 sled tests, only 15 were deemed suitable for analysis. Although peak forces
and moments at the OC were calculated based on experimental records and various assumptions,
the author of the report underscored its preliminary nature and urged caution in the interpretation
of their findings. Thus, these data cannot be relied on to provide IRVs in the lateral mode. In
addition, the study implied the need to follow specific protocols for recording accurate data and
deriving loads at the OC.

Therefore, this study included all critical components in the experimental design to obtain neck
loads using PMHS tests—i.e., the use of sophisticated instrumentation devices, data acquisition
and analyses techniques, optical tracking of kinematics at high speeds, computational validations
of inverse dynamics, specimen-specific properties such as c.g. locations, OCs, and moments of
inertia (Pintar et al., 2005; Pintar et al., 2010; Yoganandan et al., 2009a; Yoganandan et al.,
2009c; Yoganandan et al., 2008a; and Yoganandan et al., 2006). Cited studies provide details on
experimental (piston-based, electro- and hydraulic-system and sled-induced loadings) and
computational methodologies to obtain accurate neck loads using a PMHS.

5.3 IMPORTANCE OF SPECIMEN-SPECIFIC PROPERTIES.

Specimen-specific properties had been used in previous FAA-sponsored studies (Yoganandan et
al., 2009b; and Yoganandan et al., 2008a). This included the determination of the three-
dimensional c.g. and moments of inertia along the three anatomical axes. However, to derive
accurate OC loads, cross terms in the moment of inertia matrix (i.e., products of inertia) were
used in the computations. To the authors’ knowledge, this methodology had not been used in
any previous PMHS studies. Inertial effects were assumed to be fully in force as soon as the
specimen was subjected to the initiation of the applied coronal bending moment. Consequently,
the moment of inertia and mass terms were independent of the time duration of the applied loads.

5.4 IMPORTANCE OF HEAD KINEMATICS.

From a practical perspective, a longer time is required to accelerate the head because the head
has a larger mass than the neck, and the system has to drive the head, which is at rest before the
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application of the external coronal bending moment. By assuming the full mass and moment of
inertia properties to be active with the instantaneous application of the coronal moment, a spike
or artifact results in the OC load distribution. This manifests as an initial, inertia-driven peak in
the response (figures 6 and 9). This type of artifact was also found in other studies (Pintar, et
al., 2005). It is attributed to the nonrigid nature of the PMHS response during the early stages of
high-speed loading. The cited study confirmed this unique behavior by conducting tests using
ATDs, including the Hybrid Ill, and the Test Device for Human Occupant Restraint. As this
study was designed to determine the neck response, it was deemed necessary to determine
injury-related biomechanical metrics only when the head mass was fully in force. The initial
period representing the spurious response was determined as the time prior to the application of
the peak lateral bending moment to the specimen that represented the accelerating phase of the
initially rested head-neck complex when the full moment of inertia is not in force. In other
words, the head-neck complex initiated its acceleration from a static state as soon as the external
load cell began to induce and record the applied moment from the electrohydraulic piston.
Furthermore, after reaching the peak bending moment, the specimen continued to laterally bend.
This phase in the response is associated with a decrease in the external moment recorded by the
load cell (figure 6). The head-neck system stabilizes to a near-zero value following the return of
the lateral bending moment and, at this time, the specimen bends laterally with full inertial
effects, and the determined physical properties are applicable in this domain. This process leads
to the identification of peak loads beyond the artifact. Thus, it was appropriate to extract the
peak left lateral bending moment and associated forces and the other two moments at that time.
As shown in tables 4, 6, and 8, peak axial and flexion and extension moments were smaller than
the lateral bending moment. The off-axes loads were expected due to the complexity of the
human head-neck complex. Although not shown as combined plots for all tests, the above
methodology was followed in this study. Appendix A shows generalized time histories of loads
at the OC (i.e., axial and shear forces and lateral bending moments) on a test-by-test basis. Test
numbers shown in each plot correspond to the identification numbers in respective tables in this
report.

5.5 ROLE OF COUPLED MOTIONS IN THE HUMAN NECK.

Because the experimental model did not use conventional pure moment-type loading, forces
were introduced in addition to the lateral bending moment, as described in Section 5.4. Unlike
flexion and extension, the application of lateral bending or axial twisting moments result in
coupled moments (Clark, 1998). The magnitude of coupling depends on the type and severity of
the applied moment (Yoganandan et al., 1998). Although quasi-static studies have quantified
coupling factors, similar data were not available in the literature about dynamic loads
(Yoganandan et al., 2007b; Yoganandan et al., 2008b). From this perspective, this study
provides dynamic coupling data for an intact PMHS head-neck complex.

5.6 LIMITATIONS.

Despite the limited sample size, the experimental protocol included multiple tests on the same
specimen, a methodology adopted in other PMHS tests (Pintar et al., 2005 and Stemper et al.,
2003). This method was used to optimize tests from the same specimen. It is also known that
repeated loading alters the biomechanical response and has the potential to decrease human
tolerance. Such tests may increase laxity of the joints in the osteoligamentous column and affect
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local kinematics. From this perspective, the loads applied during this test might be considered to
be conservative estimates. Another potential issue is the effect of a secondary load path from the
in vivo musculature. Active musculature cannot be accommodated in all PMHS studies.
Researchers have used PMHS data as a first step in computational models to delineate the role of
muscles in modulating the spinal response on a parametric basis. It should be noted that, to the
authors’ knowledge, the precise roles of muscle activation are not known in the lateral mode.
However, the data obtained during this study may be considered as lower bounds and serve as a
valuable set to delineate effects of musculature. This approach was used in the design of test
dummy necks and frontal impact motor vehicle safety standards in the United States
(Kleinberger et al., 1998 and Shams and Rangarajan, 2005).

5.7 THE APPLICATIONS OF PMHS FINDINGS.

While the use of two PMHS is too small to conduct statistical analysis, results from these 24 tests
provide fundamental data on lateral loading injury metrics. This data set is critical and needed
for side-facing seat certification processes in aviation environments, when one acknowledges the
paucity of biomechanical information in this mode, including static and dynamic loading
paradigms (Yoganandan et al., 1998). In fact, almost all static loading experiments under lateral
bending have been conducted using isolated functional units or segmented columns without
including the intact upper-cervical, spine-head complex in any PMHS experimental model (Clark
1998; Nightingale et al., 2002; Yoganandan et al., 2007b, and Yoganandan et al., 2008b).
Lateral moments were limited to low levels, often less than 5 Nm. It should also be recognized
that sled tests with lateral impacts have largely focused on chest, abdomen, and pelvic injuries; a
review is available of PMHS studies indicating the paucity of sled test data regarding head-neck
loads and injuries using various PMHS models (Yoganandan et al., 2007a). Very few studies
have been done to determine the biomechanics of the human head-neck complexes in the lateral
mode (Yoganandan et al., 2009b). In the cited study, like this study, two specimens were tested
under different initial conditions. Sled tests with four initial conditions (a fully restrained torso
and a torso with three-point seat belt restraints under three velocity changes) identified the need
to develop an experimental protocol for inducing high-magnitude, lateral bending moments
accompanied by low-level, axial tensile forces to the PMHS head-neck complex to define human
tolerance and injury criteria in the lateral impact mode. These sled tests are referred to as the
previous tests in the following discussion.

Repeated tests conducted on the same specimen might lead to progressive loosening of the
cervical joints and affect (lower) failure thresholds. As no injuries were found, metrics in this
study might represent conservative estimates of unique importance to IRV. Fixing the inferior
end of the specimen constrained the effects of T1 vertebral motions. Additional tests with intact
and isolated head-neck complexes will delineate the influence of the T1 vertebrae on upperneck
loads. However, literature data indicate that this may have a secondary influence on neck loads
(Stemper et al., 2005). Although active musculature was not included, effects of passive muscles
were included in the intact head-neck complex model. Variables, such as age and gender, known
to affect cervical spine responses were not included (Pintar et al., 1998 and Stemper et al., 2003).
Enhancing the sample size should relax such limitations and provide a more accurate assessment
of neck responses.
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The results from this study clearly indicate that PMHS head-neck complexes can resist a lateral
bending moment of 75 Nm (73.6-Nm data rounded to nearest 5 Nm) accompanied by a low-
magnitude axial tensile force (less than 300 N) at the OCs without neck injury (determined
during the testing process using palpation, x-rays, CT scans, and autopsy). This high level of
lateral moment without an accompanying high axial tensile force was not attained in any of the
eight specimens used in the sled tests in previous research, as discussed above. Therefore, the
principal objective of this research was achieved: developing a methodology to induce loading
such that a high level of coronal moment accompanied by low level of axial tensile force is
applied to two PMHS specimens, and determining the axial tensile and lateral bending moment
from the developed experimental and computational methodologies.

The practical application of these data was to anticipate the use of active safety systems.
Previous sled tests at MCW involved only head inertial forces to strain the neck (Philippens et
al., 2011). This always resulted in some high level of axial loading in the neck (above 1.1 kN).
Some tests with active safety systems using a shoulder belt-mounted pyrotechnic airbag
produced relatively high coronal neck moments with relatively low axial load (DeWeese et al.,
2007). Because the neck has the potential to be injured in pure tension and pure bending, and
combinations in between, our approach was to cover the spectrum of these loading modes. This
study, in other words, was meant to derive the pure lateral bending end of the extreme.

Coronal bending moments ranging from 23 to 41 Nm were suggested to represent AIS 1 and 41
to 60 Nm to represent AIS 2-level neck traumas in the lateral mode (Soltis, 2001). The results
from this study exceeded these suggested magnitudes. It should be acknowledged that the
suggested IRVs were based on very limited literature data and without any specific experiments
targeted to the side-impact mode which, as indicated earlier, were not developed with specific
protocols necessary to determine OC loads. The discrepancy is thus attributed to these factors.
From this perspective, this study provided reliable data for OC loads in the side-impact modality,
which is a critical need for the FAA side-facing seat safety and certification process.

OC moment data derived in this study were accompanied by off-axis loads, a consequence of the
nature of the human cervical spinal column and experimental model used to apply lateral
bending moments. Therefore, the resulting moments were not fully unimodel. Acknowledging
these factors, a peak moment of 75 Nm can be considered an initial conservative estimate below
which injury does not occur to the PMHS head-neck complex in the tested side-impact mode.

6. THE PMHS-BASED IRVs.

The biomechanical response criteria of the human neck are often expressed as peak force or
moment (i.e., loads at the OC). An interaction-based criterion, such as N;;, incorporates both
force and bending moment parameters. This type of criteria is used for sagittal plane loading
with axial force and flexion and extension bending moments as the variables defining the
interaction. Regarding the side-impact mode, axial tensile force and coronal or lateral bending
moment are appropriate candidates for the interaction-based metric. None of the 24 tests in this
study exceeded these levels of peak tensile forces, as indicated earlier, and the maximum coronal
bending moment was 73.6 Nm. Data from this study suggest that this magnitude of moment can
be used (rounded off to 75 Nm) as a conservative estimate as the IRV associated with high
lateral bending moment and low axial tensile force, which meets the objective of this study.
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7. SUMMARY AND CONCLUSIONS—THE PMHS TESTS.

The objective of this phase of the investigation was to develop a test methodology to induce high
lateral bending moment with low axial tensile force at the OC of the human head-neck complex
and to determine the lateral bending moment injury threshold under lateral loading. The PMHS
whole-body and isolated head-neck complexes with intact musculature were used. Lateral
bending moments were applied using an electrohydraulic test device. Specimen-specific
physical properties, including c.g. and moments of inertia, as well as equations of equilibrium
were used to determine loads at the OC. Early peaks in the signals were associated with the
inertial response, and subsequent peaks in the loads represented forces and moments transmitted
to the upper neck. Off-axes moments were smaller than lateral bending moments. No specimens
sustained injuries based on palpation, x-rays, CT, and autopsy. The peak lateral bending
moment of 75 Nm associated with low axial tensile force represents the estimated IRV from this
PMHS study. These data provide a baseline to conduct matched-pair tests to obtain ATD-related
IARV for aviation applications.

8. METHODS—THE ES-2 TESTS.

Matched-pair tests were conducted using the ES-2 to obtain correlative injury metrics for side-
impact loading. In principle, the testing methodology was essentially similar to the PMHS with
the elimination of the biological part in the experimental processes.

8.1 THE ES-2 PREPARATION AND MOUNTING.

The head-neck complex of the ES-2 was exposed to lateral external loading using the same
custom fixture and loading device used for the PMHS tests (figure 1). The preparation consisted
of fixing the inferior end of the neck of the ES-2 to a rigid metal plate that was secured to the
custom fixture (figure 13).

Rigid metal plate |y

Interface plate |

Occipital load cell

Figure 13. Photograph Showing the Test Setup for ES-2 Experiments (a) Front Offset View and
(b) Side View
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8.2 LOADING.

Using the same loading system as in the PMHS tests, the prepared ES-2 was loaded
incrementally using the displacement control protocol with piston velocities from 1 to 6 m/s.
The experimental protocol was such that repeat tests were conducted and intended to apply
similar levels of lateral bending moments to the ES-2. Sufficient time was allowed between two
consecutive tests to minimize viscoelastic effects.

8.3 INSTRUMENTATION.

The six-axis load cell attached to the occiput recorded the applied lateral bending moments. In
addition, the upper-neck load cell in the ES-2 was used to gather forces and moments at the
head-neck junction (i.e., OC). In some tests, the ES-2 was instrumented with an internal nine-
accelerometer package in its head. Three linear accelerometers were secured at the c.g. of the
head, and two linear accelerometers were secured to the frontal and right and left lateral regions
of head.

8.4 COORDINATE SYSTEM.

The right-handed Cartesian coordinate system of reference was used. The origin of the head was
at its c.g. with the x-axis parallel to the head Frankfort plane. The y-axis was parallel to the
Frankfort plane from left to right ears. The z-axis was perpendicular to the Frankfort plane along
the superior to inferior direction (figure 3). The polarity of the reactive forces and moments are
defined in SAE J211. At the upper neck, positive z force indicates neck tension (i.e., axial
force); positive AP shear represents pushing the head in the -x direction while pushing neck in
the +x direction; positive lateral shear corresponds to pushing the head in the -y direction while
pushing the neck in the +y direction. According to the convention, forward flexion, right-to-left
lateral bending, and right-to-left axial twisting moments are positive.

8.5 MECHANICAL DATA.

The applied moment, acceleration, and LVDT displacement data were gathered using a digital
data acquisition system. The axial and shear forces and lateral bending moments were obtained
from recorded data from the upper neck load cell of the ES-2. As in the case of PMHS tests, a
CFC 60 SAE digital filter was used to facilitate comparison of the data.

9. RESULTS—THE ES-2 TESTS.

9.1 APPLIED MOMENT AND FORCE HISTORIES.

Figure 14 shows representative moments, and figure 15 shows forces recorded from the six-axis
load cell attached to the back of the ES-2 head. The lateral bending (M), flexion and extension
(My), and axial twist (M;) moments are shown in figure 14. The forces along the x (AP shear,
Fy), y (lateral shear, Fy), and z (axial, F,) directions are shown in figure 15.
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9.2 SUMMARY OF DATA.

Table 11 includes a summary of the head angular velocity, integrated bending moment, and
piston velocity data on a test-by-test basis. Peak lateral bending, axial twist, and flexion and
extension moments; axial forces; and lateral and AP shear forces at the time of the peak lateral
bending moment are included in table 12. Peak applied lateral bending moments ranged from

38.93 t0 197.98 Nm.

Table 11. The ES-2 Head Angular Velocity and Integrated Moment Data

Head Angular Velocity -x | Integrated Moment | Piston Velocity
Identification Number (rad/s) (Nm-s) (m/s)
FNMD209 11.50 1.77 0.98
FNMD210 12.35 1.62 0.98
FNMD211 16.50 1.40 2.10
FNMD212 17.94 1.31 2.00
FNMD213 29.07 1.17 2.90
FNMD214 30.99 1.19 2.90
FNMD215 48.04 1.58 4.30
FNMD216 47.22 1.48 4.20
FNMD217 62.30 1.84 5.40
FNMD218 55.82 1.60 5.30
Table 12. The ES-2 Peak Applied Forces and Moments
Force Moment
(N) (Nm)
Identification Number Fx Fy F, My My M,
FNMD209 17.74 | -185.89 | 84.65 38.93 | -491 |-20.14
FNMD210 1159 |-152.38 | 75.04 39.59 | -2.84 |-17.08
FNMD211 9.97 -77.87 57.07 51.80 | -0.64 -8.34
FNMD212 5.96 -80.51 57.82 47.06 | -0.65 -9.17
FNMD213 -72.03 | 123.95 7.19 77.29 | 3.13 7.68
FNMD214 -70.58 | 129.42 8.30 80.53 | 2.87 8.70
FNMD215 -117.04 | 223.90 21.63 | 145.76 | 5.45 15.30
FNMD216 -102.49 | 223.54 25.51 | 140.11 | 4.49 14.41
FNMD217 -184.08 | 306.05 37.77 | 197.98 | 3.82 17.29
FNMD218 -161.03 | 278.95 37.86 | 180.49 | 2.46 14.32
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Figure 16 shows representative moments, and figure 17 shows forces in the ES-2 as measured by
the upper-neck load cell. The lateral flexion (My), flexion and extension (My), and axial twist
(M,) moments are shown in figure 16. The forces along the x (AP shear, Fy), y (lateral shear,
Fy), and z (axial, F;) directions are shown in figure 17. The dotted line indicates the time the
peak lateral flexion moment was attained, and forces and other moments corresponding to this
time were extracted from the various curves.
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Peak lateral bending, axial, and flexion and extension moments; axial forces; and lateral and AP
shear forces at the time of the peak lateral bending moment are shown in table 13. Peak lateral
bending moments, as measured by the upper-neck load cell, ranged from 45.14 to 131.82 Nm.

Table 13. The ES-2 Upper-Neck Load Cell Forces and Moments

Force Moment
(N) (Nm)
Identification Number Fx Fy F, My My M,
FNMD209 -43.37 | 271.18 | -133.83 | -47.19 -5.81 | -1.92
FNMD210 -45.84 | 256.80 | -121.31 -45.14 -5.80 | -1.86
FNMD211 -33.53 | 344.67 | -103.93 | -51.67 -5.84 | -0.50
FNMD212 -31.93 | 324.70 -96.54 | -46.90 -5.49 | -0.26
FNMD213 -41.28 | 438.22 | -144.60 | -64.26 -6.50 | 0.35
FNMD214 -42.24 | 457.21 | -141.94 -67.36 -6.70 | 0.34
FNMD215 -58.19 | 720.50 | -238.19 | -108.63 -9.27 | 0.53
FNMD216 -85.45 | 676.55 | -203.38 | -100.50 | -12.53 | 1.00
FNMD217 -39.22 | 897.82 | -142.29 | -131.82 -5.62 | 0.03
FNMD218 -23.27 | 720.70 | -169.33 | -110.10 -6.30 | -0.01

10. DISCUSSION—THE ES-2 TESTS.

10.1 OVERALL GOALS.

The goals of the second phase of the research were to conduct experiments using the ES-2 with a
matched-pair test procedure. The matched-pair design was used so the PMHS and the ES-2
would be exposed to identical loading scenarios with the same testing device. The same fixture
and test setup was used in all the experiments. This process enabled the extraction of upper-neck
forces and moments from the ES-2, as measured by the same load cell, at similar levels of lateral
bending moments applied to the PMHS. Using the developed IRV as a basis from the PMHS
tests, an ARV for the ES-2 was derived using this protocol.

10.2 THE ES-2 RESPONSES.

ES-2 responses indicated that the peak moments at the upper neck were predominantly in the
frontal plane—i.e., peak off-axis moments in the lateral (flexion and extension moment) and
transverse (axial twisting moment) planes were almost insignificant. In contrast, peak forces
demonstrated a relatively more combined behavior with considerably greater lateral than AP
shear forces. In fact, lateral shear forces were greater in magnitude than the axial tensile force in
the ES-2, and this was true in all tests. This was attributed to the ES-2 construction and design
features and the coupling at the head-neck junction. In addition, all tests showed a similar and
consistent behavior in terms of trends in the upper-neck forces and moments (i.e., AP shear and
axial forces were negative, and lateral shear forces were positive) according to the convention
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used in this research. Likewise, lateral and flexion and extension moments were negative with
very minimal axial twisting moments. These responses indicated that the ES-2 did not show
coupled behavior like the PMHS, and this was expected since ES-2 is not an anatomical replica
of a human. For example, its uniform design representing the human cervical spinal column
does not have a posterior column with facet joints and other structures, the anterior column does
not incorporate nonuniform and saddle-shaped vertebral body anatomy, and the uncovertebral
joints and uncinate processes typical of the human neck are also not included. While this
appears to be a limitation, it should be emphasized that the intent of the device is for use in
occupant safety applications, such as side-facing seat performance tests; and, by correlating
PMHS biomechanics (injuries and injury metrics), the overall response of the human is indirectly
captured for crashworthiness use. Appendix B shows test-specific data. Test numbers shown in
each plot correspond to the identification numbers in respective tables in this report.

11. THE ES-2-BASED IARVS.

Because matched-pair tests were conducted with the ES-2, it was possible to derive IARV data.
The peak lateral bending moment of 73.6 Nm (rounded off to 75 Nm) represents the IRV for
PMHS, as reported earlier. Lateral bending moments, as measured by the upper-neck load cell
from the ES-2 tests in the second phase of the study, were compared with the OC PMHS
moments using the integrated applied moment as the common factor between the two surrogates.

The integrated bending moment had a linear relationship with the lateral bending moment at the
OC in both surrogates (R-squared (R?) from linear regression was 0.83 and 0.87 for PMHS and
ES-2 respectively, as shown in figure 18). The greatest moment achieved in PMHS tests was
associated with an integrated bending moment of 1.72 Nm-s. Based on the regression line, at
this integrated bending moment level, the ES-2 moment at the OC was 114.66 Nm.
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Figure 18. Variations of Integrated and OC Moments in PMHS and ES-2
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The ES-2 data from tests FNMD 209-212 corresponded to input piston velocities ranging from
1.0 to 2.0 m/s. These velocities were considered to correspond to lower-energy inputs and, at
these levels, the ES-2 is not recommended for crashworthiness evaluations. Therefore, these
data were excluded from the regression analyses described above. Furthermore, the head angular
velocities were also lower (less than 30 rad/s) in these ES-2 tests (table 11). It should be noted
that peak head angular velocities greater than 30 rad/sec were obtained in earlier tests conducted
using the sled equipment (Philippens et al., 2011). Therefore, tests at lower-energy inputs were
not included in the analysis. As shown, the regression coefficient for ES-2 tests had a strikingly
close correlation with the PMHS data (0.87 versus 0.83 for the two surrogates, respectively).

The use of the integrated, applied lateral bending moment to characterize the intrinsic neck
response was based on the rationale that the purpose of this study was to determine the IARV
stemming from high lateral bending moments associated with low levels of axial force; and the
development of the high internal OC moment was due to the application of the pure lateral
moment (with insignificant off-axis moments and forces) via a custom device capable of
inducing high moments with low forces. In other words, other biomechanical input variables
were deemed to play a secondary role. Use of a derived biomechanical metric has been adopted
in the literature. For example, an applied chest compression to the surrogate, including animal
models, has been used to characterize the viscous response of human tissues (Yoganandan et al.,
2007a). From a modeling aspect, although acceleration time histories are frequently recorded in
pendulum impactor tests (e.g., drop tests with human head-neck complexes), initial velocities are
used to drive computational models (Yoganandan, et al., 1998). From another perspective, strain
energy density functions, commonly obtained in stress analysis models of the human spine and
soft tissues, use the integration of the primary output—strain in the mentioned case (Hallman et
al., 2011 and Yoganandan et al., 1989a). The process of matching the two data sets (applied and
resulting moments) from the matched-pair tests provided a methodology to obtain the IARV for
the ES-2.

Although it is well known that the human head-neck response is not linear, the ES-2 response did
appear to be linear. However, a second-order polynomial nonlinear regression analysis had a
better fit with the PMHS data, with an improved R-square value of 0.9. While this appears to be
a characterization of the biological behavior, the above analyses of matching the OC moment at
the integrated bending moment of 1.72 Nm-s would not alter the ES-2 lateral bending moment of
114.66 Nm. From this perspective, either interpretations of the PMHS response may be used to
obtain the IARV of 114.66 Nm for the ES-2. The likely reasons for the increased lateral bending
moment in the ES-2, compared to the PMHS, are: the solid-beam structure of the ES-2 neck
enhances moments more than the biological surrogate, in which column curvature, joints, and
other segmental anatomical differences induce laxity and account for the decoupling behavior. A
similar theory was presented for the Hybrid 11l neck in other modes of loading (Yoganandan et
al., 1989b). Based on these analyses and discussions, this report suggests a peak lateral bending
moment of 115 Nm as the IARV for the ES-2.

12. CONCLUSIONS.

This research supports the Federal Aviation Administration (FAA) efforts to develop aircraft
side-facing seat neck injury criteria and tolerances for Title 14 Code of Federal Regulations.
Because specific Injury Reference Values for the head-neck region in lateral impacts do not exist
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in aviation environments, the FAA had to develop the necessary neck injury data. As
summarized in FAA report DOT/FAA/AR-09/41, “Neck Injury Criteria for Side-Facing Aircraft
Seats,” sled tests and computational models were developed in the first phase of this study.
Using different seat cushion, restraint, and impact energy combinations with limited sample
sizes, the axial tensile force was found to be the discriminating parameter for predicting
Abbreviated Injury Scale (AIS) 3+ neck injuries. The (ES-2) upper-neck forces of 2300 and
1800 Newtons corresponding to 50% and 25% risks were suggested Injury Assessment
Reference Values (IARV), when combined with a minimum shear force, bending, or torque. The
report stated “explicit tolerance values for pure bending or shear loads would be helpful to
complete the dataset.” The earlier phase of the FAA-sponsored study emphasized the need to
develop a methodology to induce loading so that a high level of lateral bending moment
accompanied by a low level of axial tensile force is applied to the head-neck complex of two
postmortem human subjects (PMHS). The test results could then be used to determine the axial
tensile and lateral bending moment data from the developed experimental and computational
methodologies, and determine the potential head-neck injury criteria applicable to lateral impact
loads with a focus on aviation environments.

To achieve these objectives, a component test methodology was developed to induce high lateral
bending moment with low axial tensile force at the occipital condyles of the human head-neck
complex. A custom fixture and sophisticated instrumentation and measurement techniques were
used to obtain test data and PMHS-specific physical properties. Using this information, the IRV
for the PMHS was developed. Using a matched-pair test procedure, the ES-2 anthropomorphic
test dummy was subjected to lateral bending moment loads using the same loading fixtures and
experimental setups as the PMHS. An IARV specific to the ES-2 was developed using the
current PMHS and ES-2 research data. Acknowledging limitations in PMHS sample size, a peak
lateral bending moment of 115 Nm is recommended as the IARV for the ES-2. The developed
IARVs from the current (peak lateral moment) and previous FAA PMHS and ES-2 research data
(axial tensile force) support the FAA in the development of a side-facing aircraft seat
requirement and ES-2 test certification criteria to demonstrate compliance.
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APPENDIX A—POSTMORTEM HUMAN SUBJECT TIME HISTORIES OF LOADS AT
THE OCCIPITAL CONDYLES

Figures A-1 through A-24 show generalized time histories of loads at the occipital condyles (i.e.,

axial and shear forces and lateral bending moments) on a test-by-test basis. The test numbers
correspond to the identification numbers in the respective tables in the main report.

A-1



TTTTTTTTTT
F

min: -16.9 N
time: 36.6 msec
1656 N

max
time: 46 6 msec

g 1] v\“\v\
AEARN
1/
L1
/
(@)

mmmmmmmm

Test FNMC124
Fiter 0

n min: -15.0 Nm
time: 130.0 msec
max: 31 Nm
time: 37.0 msee

Figure A-1. Test FNMC1240C ((a) Force Y, (b) Force Z, and (c) Moment X)

A-2



NJ V\f\-’\f\/-\’\/
( \
POV \v[\
20 80 20
mmmmmmmmm
@
;;;;; FHNMC125
iler. CFC60
n e 130 3mse
max: 172.2
\ time: 23.5
L
U
\_\
"\’//
20 80 100 120
Time (msec)
(b)

L—
N

Figure A-2. Test FNMC1250C ((a) Force Y, (b) Force Z, and (c) Moment X)

A-3



Test: FNMC126
Fier: CFC80

max: 243.5N
time: 21.6 msec

Force (N)

0 0 20 40 80 80 100 120 140 160 180 200
Time (msec)

@

Test: FNMC126
Filter: CFCB0
min: -130.8 N
time: 111.6 msec
max: 192.5N
time: 13.4 msec

Test. FNMC126
Fiter: CFCB0
min: -15 4 Nm
time: 108.6 msec
max: 7.0 Nm

j \ time: 13.3 mse:

: \\ 7
-
-20 o 20 40 80 80 100 120 140 160 180 200
Time (msec)

(c)
Figure A-3. Test FNMC1260C ((a) Force Y, (b) Force Z, and (c) Moment X)

A-4



Test: FNMC127

Fiter: CFCB0
min: 614
fime: 23 6 mse
max: 333.7
fime: 16.9 msee
z
5
8
Y = /\/\ ~\
/V A e g \\
M /\ .
M
i} o
20 o 20 40 &0 80 100 120 140 160 180 200
Time (msec)
Test: FNMG127
Fiter: CFCE0
min 1156 N
I time: 116.8 msec
max 2109 N
time; 3.4 msec
10
=
8 S
5
2
0 A
I AN
100 ¥ =
15
20 o 20 40 60 80 100 120 M0 10 180 200
Time (msec)

19 Test: FNMC127
Filter- CFCB0
min: -20.3 Nm
time: 16.6 msec
max: 7.4 Nm

/ time: 9.1 msec
[\ A

el
=
~

y
S

e 20 40 80 100 120 140 160 180 200
Time (msec)

(c)
Figure A-4. Test FNMC1270C ((a) Force Y, (b) Force Z, and (c) Moment X)
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Figure A-5. Test FNMC1280C ((a) Force Y, (b) Force Z, and (c) Moment X)
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Figure A-6. Test FNMC1290C ((a) Force Y, (b) Force Z, and (c) Moment X)
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Figure A-7. Test FNMC1300C ((a) Force Y, (b) Force Z, and (c) Moment X)
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Figure A-8. Test FNMC1310C ((a) Force Y, (b) Force Z, and (c) Moment X)
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Figure A-9. Test FNMC1320C ((a) Force Y, (b) Force Z, and (c) Moment X)
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Figure A-10. Test FNMC1330C ((a) Force Y, (b) Force Z, and (c) Moment X)
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Figure A-11. Test FNMC1340C ((a) Force Y, (b) Force Z, and (c) Moment X)
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Figure A-12. Test FNMC1350C ((a) Force Y, (b) Force Z, and (c) Moment X)

A-13



@

IC137
Fier: CFCB0

il

Y

=
5
—

iiid
3

80

Time (msec)

(c)
Figure A-13. Test FNMC1370C ((a) Force Y, (b) Force Z, and (c) Moment X)
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Figure A-15. Test FNMC1390C ((a) Force Y, (b) Force Z, and (c) Moment X)
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Figure A-16. Test FNMC1400C ((a) Force Y, (b) Force Z, and (c) Moment X)
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Figure A-17. Test FNMC1410C ((a) Force Y, (b) Force Z, and (c) Moment X)
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Figure A-19. Test FNMC1430C ((a) Force Y, (b) Force Z, and (c) Moment X)
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Figure A-20. Test FNMC1440C ((a) Force Y, (b) Force Z, and (c) Moment X)
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Figure A-21. Test FNMC1450C ((a) Force Y, (b) Force Z, and (c) Moment X)
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Figure A-22. Test FNMC1460C ((a) Force Y, (b) Force Z, and (c) Moment X)
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Figure A-23. Test FNMC1470C ((a) Force Y, (b) Force Z, and (c) Moment X)
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Figure A-24. Test FNMC1480C ((a) Force Y, (b) Force Z, and (c) Moment X)
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APPENDIX B—ANTHROPOMORPHIC TEST DEVICE TIME HISTORIES OF LOADS AT
THE OCCIPITAL CONDYLES

Figures B-1 through B-10 show the anthropomorphic test dummy results.
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Figure B-1. Test FNMD209 ((a) Upper Neck Force Y, (b) Upper Neck Force Z, and
(c) Corrected Measured Occipital Condyles (OC) Moment X)

B-2



Test FNMD210
Fiter: CFCB0
mirc 08 N
Y time: &5 mec
max MZ21N
time: 143.9 mees
20 /\

) /'\/

H

£ \

—
. 40 L 80 100 120 140 160 180 200
Tene issec]
Test FNMD210

Fiker: CFCB0
min: - 140.5 N
time: 118.7 msec
x
: 1

i V.

-
z
\ Nf \./
o T ® 80 100 1m0 160 180 20
Tirne (msac)

Test FNMOZ10
Fiter. CFCED

i 45,1 Nm

Mormnan (N
3

vV

7 [ 20 40 0 80 100 120 140 160 180 200
Time imsec)

©

Figure B-2. Test FNMD210 ((a) Upper Neck Force Y, (b) Upper Neck Force Z, and
(c) Corrected Measured OC Moment X)
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Figure B-3. Test FNMD211 ((a) Upper Neck Force Y, (b) Upper Neck Force Z, and
(c) Corrected Measured OC Moment X)
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Figure B-4. Test FNMD212 ((a) Upper Neck Force Y, (b) Upper Neck Force Z, and
(c) Corrected Measured OC Moment X)
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Figure B-5. Test FNMD213 ((a) Upper Neck Force Y, (b) Upper Neck Force Z, and
(c) Corrected Measured OC Moment X)
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Figure B-6. Test FNMD214 ((a) Upper Neck Force Y, (b) Upper Neck Force Z, and
(c) Corrected Measured OC Moment X)
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Figure B-7. Test FNMD215 ((a) Upper Neck Force Y, (b) Upper Neck Force Z, and
(c) Corrected Measured OC Moment X)
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Figure B-8. Test FNMD216 ((a) Upper Neck Force Y, (b) Upper Neck Force Z, and
(c) Corrected Measured OC Moment X)
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Figure B-9. Test FNMD217 ((a) Upper Neck Force Y, (b) Upper Neck Force Z, and
(c) Corrected Measured OC Moment X)
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Figure B-10. Test FNMD218 ((a) Upper Neck Force Y, (b) Upper Neck Force Z, and
(c) Corrected Measured OC Moment X)
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