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Head and Neck Responses of Post Mortem Human Subjects in Frontal, Oblique, Side and Twist
Scenarios

Yun-Seok Kang, Jason Stammen, Kevin Moorhouse, John Bolte IV

Abstract Head and neck responses of anthropomorphic test devices and computational human body
models should be validated in different impact modes, e.g., frontal, oblique, side, and twist. The main objective
of this study is to create biomechanical response targets of the head and neck of post mortem human
surrogates using a controlled mini-sled system in various impact scenarios. A mini-sled was designed to
dynamically test a post mortem human subject head-neck complex. A six axis load cell was attached at the T3
level of the spine to measure the reaction loads at the upper thoracic spine for the frontal, oblique and side
impacts, while T1 was attached to the load cell for the twist test. The post mortem human subject head, C3, and
C5 were instrumented using accelerometers and angular rate sensors to capture head and cervical kinematics.
Five post mortem human subjects were tested in frontal (5), oblique (2), side (2), and twist (1) scenarios at a
nominal mini-sled velocity of 14 km/h for frontal, side, and oblique impacts and 1,800 deg/s for the twist
scenario. Biomechanical responses of the head and lower neck were measured in various impact conditions.
Biomechanical targets were created for future biofidelity evaluation for anthropomorphic test devices and
computational human body models.

Keywords PMHS head and neck, biomechanical target, cervical kinematics, lower neck loads.

I. INTRODUCTION

Cervical spine injuries occur commonly in different impact modes, and societal costs due to the injuries are
high in motor vehicle crashes (MVC) [1-7]. Upper cervical injuries tend to be the most serious type of neck
injury so the neck injury criterion, Nij, calculated at the upper cervical vertebrae was developed and has been
used for frontal crashes [16]. However, survivors with neck injuries in frontal and rear MVCs often sustain
injuries in the lower portion of the cervical spine [6-7]. With the exception of very young occupants (8 years or
less), where the majority of neck injuries are in the OC/C1/C2 region [47], children and adults are more likely to
sustain lower cervical spine and cervicothoracic junction injuries than upper cervical injuries [6].

In order to investigate neck injury tolerance and criteria, many studies have been conducted using human
volunteers or post mortem human surrogates (PMHSs) in different impact directions [3-5][7-13]. Upper neck
criteria exist in Federal Motor Vehicle Safety Standard (FMVSS) No. 208, partly because upper neck injuries tend
to be the most serious type of neck injury in frontal crashes, but also because upper neck loads, i.e., forces and
moments at occipital condyle, in PMHS testing are relatively easy to calculate using the inertial properties and
kinematics of the head alone. Due to the difficulty of accurately measuring lower neck loads, many studies have
focused primarily on upper neck loads of human volunteers and PMHSs by using inverse dynamics approaches
[5][17-27]. However, lower neck injuries are also important in that they have been commonly observed in both
epidemiological [14] and experimental studies using PMHSs in frontal, side, and rear impacts [3-5][7-8][15]. If
lower neck (cervicothoracic junction) biomechanical data could be obtained along with an injury risk function for
the lower neck, it could be used in conjunction with the work that has been conducted on upper neck loads to
evaluate the biofidelity of anthropomorphic test devices (ATDs) and to validate and improve finite element
human body models (HBMs). The addition of a lower neck criterion would improve the overall protection of the
spine, neck, and head in motor vehicle occupants [5][7][10].

A few studies reported lower neck loads that were determined using inverse dynamics, for which the neck
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was regarded simply as a massless rigid link [7][13][31-35]. Another study reported that the massless inverse
dynamics technique for the lower neck calculation could create unexpected errors on the force and moment
data [28]. To our knowledge, although computational models have been used to quantify neck muscle tension
[49,50], no studies have measured PMHS neck muscle tension forces separately from the vertebral column
loads and used those combined muscle/vertebral loads to calculate the lower neck loads in different impact
directions. Head and neck responses of ATDs and computational human body models should be evaluated in
different impact modes, e.g., frontal, oblique, side, and twist, since three-dimensional head and neck motions
are recorded even in unidirectional laboratory, sled, and crash tests [29]. The objective of this study is to create
biomechanical responses of the head and lower neck of PMHS in various impact directions.

Il. METHODS

Post Mortem Human Surrogates (PMHS)

The PMHSs used for this study were available through The Ohio State University’s body donor program and
all applicable NHTSA and university guidelines, as well as Institutional Review Board (IRB) protocol, were
reviewed and followed. Five fresh-frozen male PMHSs (age 49 + 16 years) were scanned using dual energy X-ray
absorptiometry (DXA) and computed tomography (CT) to ensure that there were no severely degenerated discs,
osteophytes, or hardware due to previous spinal surgery on the cervical and upper thoracic spine. PMHS age,
area bone mineral density (aBMD) score (lumbar T-score), height, weight, and impact modes are shown in Table
I. Detailed anthropometric data and inertial properties of the head and neck can be found in Tables Al and All
(Appendix A). The inertial properties of the head and neck were measured using a repeatable and reliable
device validated by Self et al. (1992) [48]. Dissection information for the head and neck for the measurement of
the inertial properties was provided in the previous study [28]. The mass moment of inertia of the head and
neck was measured using an internal inverted torsional pendulum (Moment of Inertia Instrument Models XR —
50 and GB-3300AX, Space Electronics LLC, Berlin, CT) [48]. PMHS1 and PMHS2 were tested in three modes
(frontal, oblique, and side), PMHS3 was tested in both frontal and twist modes, and PMHS4 and PMHS5 were
tested in the frontal mode only.

TABLE |
PMHS INFORMATION
(F: FRONTAL IMPACT, O: OBLIQUE IMPACT, S: SIDE IMPACT)

aBMD . . Test
Age Lumbar H(ilrir;t W(T(Igg)ht Cause of death mode
T-Score
PMHS1 67 +1.1 184.5 71.0 Pancreatic cancer F,0,S
PMHS2 57 -2.0 175.0 64.0 Lung cancer F,0,S
PMHS3 54 -1.9 175.3 74.1 Non-Small cell lung cancer F,T
PMHS4 25 -2.6 177.8 73.4 Metastatic synovial sarcoma F
PMHS5 40 +0.4 175.3 67.0 Metastatic melanoma F
Mean 49 -1.0 177.6 69.9 N/A N/A
SD 16 1.6 4.0 4.3 N/A N/A

Test Setup

A mini-sled was designed to dynamically test a PMHS head-neck complex in various impact directions, e.g.,
frontal, oblique, side, and twist, at a nominal velocity of 14 km/h (frontal, side, and oblique) and 1,800 deg/sec
(twist) shown in Fig. Al. This nominal velocity was determined by mimicking T1 acceleration in the x direction
from the full body frontal PMHS test conducted in study [7]. The target T1 acceleration used for the mini-sled
input in this study is shown in Fig. 5b in study [7]. Figure 1 shows an instrumentation overview (1a) and general
setups for the mini-sled in frontal (1b), oblique (1c), and side impact (1d) modes. A custom-sized elliptical ring
(Fig.1 A) was used for attaching upper thoracic structures (1" rib, clavicles, muscles and skin) in an anatomic
configuration (Table BI), to account for the contribution of these structures to the kinematics of the head-neck
complex. Information about detailed PMHS dissection was provided previously [28]. The ring was fixed to the
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mini-sled with turnbuckles (Fig.1 B) in line with six uniaxial load cells (Fig.1 C) that measure passive axial muscle
forces during the event (muscle force data shown in Appendix B). The turnbuckles provide adjustability of initial
neck muscle tension. The initial muscle tension was adjusted to 40 — 50 N, in order to maintain 75 — 100 N of
initial neck pre-load when including head weight, to be consistent with previous studies [18-19]. A six axis load
cell (Fig.1 D) that was originally designed for the Hybrid IIl 3YO dummy lumbar spine (Humanetics Innovation
Solutions, Farmington Hills, MI, USA) was attached at the T3 level of the vertebral column to measure the
reaction loads at the upper thoracic spine. The T3 vertebra was affixed within a custom cup (Fig.1 E) using
Bondo® Body Filler (Bondo Corporation, Atlanta, GA USA). The used Bondo and potting cup masses were
measured and used to inertially compensate the measured T3 loads. When the T3 vertebra was potted, the T1
vertebra was tilted forward to be 24 + 5 degrees based on previous studies [11,12]. The head was carefully
released by gravity then lifted slowly until the head angle (e.g Frankfort plane) became 0 + 5 degrees so that
natural cervical spine curvature can be maintained without applying any possible abnormal forces on the neck
(Fig. B1 in Appendix B). The PMHS head was instrumented using six accelerometers and three angular rate
sensors (ARS) installed on an external tetrahedron fixture (t6aw) [30] (Fig.1 F). In order to capture kinematics of
the upper and lower cervical spine, three accelerometers and three ARS (3aw) were installed at both the C3 and
C6 vertebra as described in previous studies [4][28] (Fig.1 G). Each instrumentation mount was digitised using a
FARO arm device (Faro Arm Technologies, Lake Mary, FL, USA) to transform data from the origin of the
instrumentation to desired coordinate systems. The PMHS head was supported by a harness that was attached
to a solenoid release system. The release system was activated prior to mini-sled motion.

€ Inputdirecti@in

(c) Oblique impact (45 deg) (d) Side impact (90 deg)

Fig.1. Mini-sled set up for frontal, oblique and side impacts.

A: Custom-sized elliptical ring; B: Turnbuckles for initial muscle tension; C: Uniaxial load cells (6) for

measuring muscle tension; D: Six axis load cell at T3; E: Custom potting cup for fixing T3 to the sled; F:

Head instrumentation (t6aw); G: C3 and C6 instrumentation (3aw).

For the neck twist test, the mini-sled fixture was modified to create rotational input. Figure 2 shows the neck
twist test setup with PMHS head-neck complex. The rails for the mini-sled were removed, and the mini-sled
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fixture was clamped to the test table. In order to create an isolated neck twist condition, the T2 and T3 were
removed. The T1 was affixed within the custom pot (Fig.2 H). The head was attached to the stationary fixture
using head holders (Fig.2 A). The mastoid process (Fig.2 B) was aligned to the anterior-superior edge of the T1
vertebra (Fig.2 D) as shown in the lateral view (Fig. 2a). Two of the six uniaxial load cells (Fig.2 C) previously
shown in Figure 1 were used to measure torsion applied to the ring (Fig.2 E). A threaded rod (Fig.2 ) that was
screwed into the uniaxial load cell was welded to the ring such that the load cell could be attached to the ring
rigidly (Fig. 2b). The six axis load cell (Fig.2 F) used previously was attached to the potting cup (Fig.2 H) to
measure vertebral torsion at T1. A hinge joint was installed at the centre of the disk such that one dimensional
torsion was generated. A moment arm (Fig.2 G) was attached to the disk, and the ram pushed the moment arm
to generate rotational input (Fig. 2a). In this test condition, the head was stationary while the lower neck
rotated clockwise from a top view.

(a) Lateral view

Fig.2. Twist test set up with PMHS head neck complex.

A: Head holders; B: Mastoid process; C: Uniaxial load cells (2) for measuring muscle resistance force; D:
Anterior-superior edge of T1; E: Custom-sized elliptical ring; F: Six axis load cell at T1; G: Input moment arm;
H: Custom potting cup for fixing T1 to the sled; I: Threaded rod that connects the load cell to the ring (welded
to the ring).

Data Processing

The sampling frequency used in all testing was 20 kHz and all data obtained from the tests were filtered
according to SAE J211. Data measured from the head instrumentation were transformed to the head CG in the
body-fixed coordinate system that was defined by digitising the infraorbital notches and external auditory meati
(x-direction forward and z-direction downward according to SAE J211). The C3 and C6 data were transformed to
the vertebral coordinate system used in a previous study, see Kang et al., 2016 Appendix A, [28]. Lower neck
loads were calculated by combining T3 vertebral loads, i.e., six axis load cell, with muscle passive axial loads, i.e.,
uniaxial load cells. A free body diagram and equations for the lower neck were presented in the previous study
(see Fig. 5 and Egs 16-18 in Kang’s study) [28]. Detailed information for the defined coordinate system was also
provided in the previous study [28]. Biomechanical targets for the head, C3, and C6 kinematics and neck loads
(both upper and lower) were created in the frontal impact tests. Biomechanical targets for frontal impacts (n=5)
were created using a previously published method [3]. Due to small sample size in side (n=2), oblique (n=2), and
neck twist (n=1) modes, individual response curves were provided in this study instead of biomechanical targets.
For the neck twist mode, a lower neck moment vs. rotation response that considers both vertebral and muscle
moments and input rotational kinematics was quantified. No head kinematics were recorded in the twist mode
since the head was stationary, i.e., no head motion.
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. RESULTS

Frontal Impacts

Biomechanical targets for head linear acceleration and lower neck force in the x and z directions are shown
in Figs. 3 and 4, respectively. Head rotation and lower neck moment about the y axis are presented in Fig. 5. C3
and C6 rotations are provided in Fig. A2 (see Appendix A). Lower neck moment with respect to the head
rotation about the y axis is shown in Fig. A5 (a).
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Fig. 3. Head linear acceleration (frontal impact).
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Fig. 5. Head rotation and lower neck moment (frontal impact).
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Side Impacts

IRCOBI conference 2018

Biomechanical responses for head linear acceleration and lower neck forces in the y and z directions are
shown in Figs. 6 and 7, respectively. Head rotation and lower neck moment about the x axis are shown in Fig. 8.
C3 and C6 rotation about the x axis are presented in Fig. A3. Lower neck moment with respect to the head

rotation about the x axis is shown in Fig. A5 (b).
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Fig. 6. Head linear acceleration (side impact).
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Oblique Impacts

For the oblique condition, three dimensional (x, y and z) head acceleration and lower neck forces are shown
in Fig. 9. Three dimensional head rotation and lower neck moments are shown in Fig. 10. C3 and C6 rotations
are provided in Fig. A4. Lower neck moments with respect to the head rotations are presented in Fig. A6.
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Fig. 10. Head rotation and lower neck moments (oblique impact).
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Neck Twist
For the twist condition, the sled disk rotation and lower neck moment about the z axis are shown in Fig 11(a)
and 11(b), respectively. Lower neck moment with respect to the rotation is shown in Fig. A7.
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Fig. 11 Rotation and moment in twist condition

IV. DIscussION

This study provides biomechanical responses of the head and neck in frontal, side, oblique and twist
directions. A novel test set-up using a custom-sized ring and novel instrumentation techniques allowed the
measurement of lower neck loads that included muscle tensions so that the inverse dynamic technique using a
massless link assumption was not necessary. Although current ATDs are capable of measuring lower neck loads
using load cells, ATD lower neck loads are not generally considered in biofidelity evaluation since very little
biomechanical data have been published to evaluate ATD biofidelity. The present study provides
comprehensive head and neck kinematics and kinetics, including C3 and C6 rotational kinematics, for biofidelity
assessment of ATDs and finite element models. Biomechanical data from the current study also can be used to
better understand the importance of lower neck loads when considering musculature so a more biofidelic neck
and upper thoracic spine can be designed and added in the current or future ATDs.

Frontal Impacts

Five PMHSs were tested in the frontal impact scenario. Frontal impact testing was conducted first on each
PMHS. Biomechanical targets, i.e., corridors, were created using the five PMHSs. Due to page limits, only head
acceleration and rotation, C3 and C6 rotation, and lower neck Fx, Fz and My are presented in this study (Fig. 3 —
5 and Fig. A2). The head kinematics and lower neck loads obtained from the current study were comparable to
data from a previous frontal impact PMHS study [7]. Average head accelerations at the CG measured in this
study were 18.4 g in the x direction and 8.6 g in the z direction, while those measured from study [7] were 14.9
g and 20.0 g in the x and z directions, respectively. The shear forces measured from the current study ranged
from -868.4 to -450.0 N while those from study [7] ranged from -784.9 to -374.5 N as shown in Table Il. The
axial forces from the current study ranged from 441.4 to 601.1 N, while study [7] reported axial forces from
462.2 to 870.8 N (Table Il). It should be noted that study [7] used a full body PMHS sled set-up, while the
current study used a mini-sled with the head-neck complex including T2-T3. These shear and axial forces were
comparable to those in study [7], however, caution should be used for the comparison. A previous study found
that the lower neck loads from employing the massless link method can be underestimated by over 20% [28].
The comparable outcomes found in the current study could be due to underestimation of the loads from study
[71.

It should be noted that the lower neck moments about the y axis in this study were higher than those
calculated in study [7], which used a massless link inverse dynamics approach. The lower neck moment ranged
from 89.3 to 139.7 Nm in the current study, while those calculated using massless link theory were 68.1 to 125.1
Nm (Table Il). Lower neck moments measured from the volunteer study in Naval Biodynamics Laboratory
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(NBDL) frontal impacts varied from around 59 to 114 Nm [34], which is comparable to both PMHS studies
(current and Pintar studies) even though their sled inputs (43.2 and 62.0 km/h) were higher. It is likely that the
lower neck loads were higher in the current study due to incorporation of muscle tension forces into the lower
neck moment calculation. In addition, the direct measurement method using cervical kinematics in this study
should provide better accuracy of the lower neck loads than the massless link method used in both PMHS and
volunteer studies [7][34]. Itis also likely due to a limitation of the mini-sled system, which only translated in the
x direction with no translation in the z direction and no rotation in the y axis, causing the lower neck moment to
be higher than that measured in full body PMHS tests.

C3 and C6 rotations about the y axis ranged from -64.5 to -45.8 degrees and -39.7 to -19.7 degrees,
respectively (Fig. A2). To the best of the authors’ knowledge, no studies have reported rotational kinematics at
C3 and C6 in frontal impacts. These C3 and C6 rotational kinematics will be valuable biomechanical targets for
finite element models.

TABLE Il
PMHS RESULTS COMPARISON TO OTHER RESEARCH RESULTS IN FRONTAL IMPACTS
PMHS1 PMHS2 PMHS3 PMHS4 PMHS5 Study [7] Study [34]
Lower neck Fx (N) -512.6 -722.9 -848.4 -450.0 -868.4 -7849to-374.5 NA
Lower neck Fz (N) 472.4 6011 441.4 500.0 561.0 462.2t0 870.8 NA
Lower neck My (Nm) 91.5 92.7 119.1 89.3 139.7 68.1t0125.1 59to 114

Side Impacts

Two PMHSs (PMHS1 and PMHS2) were tested in the side impact scenario. Although neck injury and
responses have been documented and quantified using PMHSs previously [8][36-39], to the best of the authors’
knowledge, only one study quantified lower neck force and moment of PMHSs in side impact conditions [39].
Study [39] conducted side impact sled tests using eight PMHSs with change in velocities of 31.3 to 64.4 km/h.
Head and neck responses, including lower neck force and moment, were reported in their study [39].
Unfortunately, they did not report linear acceleration measured at the head but rather angular acceleration.
Angular acceleration determined from this study ranged from -1,839.2 to -1,616.6 rad/s> with approximately
42.9 to 52.1 ms duration while study [39] showed -1,700 to -1,500 rad/s? (these values were estimated from the
time history plot provided in the study [39]) with around 40 ms duration in their 31.3 km/h test. Based on this
consistency in head angular acceleration, the mini-sled tests, with AV of 14 km/h (11 g with 70 ms) applied to
the upper thoracic spine, was comparable to their 31.3 km/h (13 g with 100 ms) full body PMHS tests. Table IlI
shows a comparison of lower neck force and moment measured from this study to those from study [39].
Lower neck Fx (304.7 — 418.7 N) and Mx (69.6 — 127.5 Nm) were comparable to the results from study [39]
(572.5 £ 227.4 N and 68.4 + 59.6 Nm, respectively), while lower neck Fz (319.2 — 369.3 N) was almost four times
smaller than that from study [39] (1253.2 + 351.5N). This is probably due to the limitation of the mini-sled
system, which only allowed for a single degree of freedom motion at the T3 (translation in the y direction) with
no translation in the z direction so neck tension in the mini-sled could be smaller than that from the full body
sled testing. It should be noted that lower neck Mx (69.6 — 127.5 Nm) from this study was greater than that
from study [39] (68.4 + 59.6 Nm). A large portion of the applied energy could be transferred to the neck tension
in the full body sled testing, while this energy was transferred into lateral neck bending with less neck tension in
the mini-sled system. In order to use a well-controlled mini-sled set up with a head-neck complex, the lower
neck (or upper thoracic spine) had to be fixed to the sled base, which restricted motion of the lower neck. This
restricted motion resulted in more bending moment than the full body side impact sled tests in study [39], since
the upper thoracic spine was allowed to translate with respect to the three-point seat belt in that test
configuration. PMHS1 had lower head rotation than PMHS2, while PMHS1 had higher moment about the x axis
than PMHS2 (Fig. 8). This is likely due to subject variation between two PMHSs, i.e., PMHS2 had a more flexible
neck than PMHS1).

C3 and C6 rotations about the x axis ranged from -42.9 to -35.0 degrees and -29.2 to -25.2 degrees,
respectively (Fig. A3). PMHS2 had larger C3 and C6 rotations than PMHS1 likely due to the biomechanical
variation between PMHSs. To the best of the authors’ knowledge, no studies have reported rotational
kinematics at C3 and C6 in side impacts.
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TABLE Il
PMHS RESULTS COMPARISON TO OTHER RESEARCH RESULTS IN SIDE IMPACTS
31.3 km/h test

PMHS1 PMHS2 In study [39]
Mean (SD)
Lower neck Fx (N) 418.7 304.7 572.5(227.4)
Lower neck Fz (N) 369.3 319.2 1253.2 (351.5)
Lower neck My (Nm) 127.5 69.6 68.4 (59.6)

Oblique Impacts

Two PMHSs (PMHS1 and PMHS2) were tested in the oblique scenario with AV of 14 km/h. The head linear
accelerations, rotations, and lower neck loads are shown in Fig. 9 and 10. It should be noted that accelerations
observed in the PMHSI1 test (Fig. 9) exhibited noise around 105 milliseconds in x, y, and z directions. This was
due to direct contact between a wire tie used for the head harness attached to the release system and the
head instrumentation. After the PMHS1 test, the head instrumentation fixture was better protected from this
contact. It should be noted that both PMHS1 and 2 show repeatable responses for the head acceleration and
lower neck forces shown in Fig. 9 but not for the head rotations and lower neck moments shown in Fig. 10.

A few studies have focused on PMHS and ATD responses in oblique scenarios; however, neck responses
were not reported in the studies [29][40-42]. The main responses quantified in those studies were whole body
trajectories for each body segment or thoracic responses due to belt interaction in oblique sled testing. One
volunteer study discussed lower neck loads using NBDL data [43]. They assumed the head-neck complex as a
2-pivot linkage mechanism with head torsion [43]. They used a 45 degree impact direction (same as the
current study) with AV ranging from 10.9 to 15.0 km/h, which is also comparable to the current study (14
km/h). Table IV shows a quantitative comparison of responses from the current study to study [43]. Head
rotation about the y axis (-54.6 to -40.4 deg) measured in the current study is comparable to that reported in
study [43] (-57.9 £ 13.1 deg). They also reported the head torsional rotation (-12.1 + 6.8 deg), which was
comparable to the head torsional rotation measured in PMHS2 (-17.9 deg) but larger than that from PMHS1
(-3.1 deg). Even though the neck linkage rotation they measured was not exactly the same as the C3 rotation
measured in the current study, their neck linkage rotation was similar to the C3 rotation from one of the
PMHS. The neck linkage rotation about the y axis (-70.1 + 14.4 deg) was comparable to PMHS2 C3 rotation
(-68.5 deg) but larger than PMHS1 C3 rotation (-52.9 deg), as shown in Table IV. Lower neck moments about
the y axis (71 — 73 Nm) were lower than those from the study [43] (117 — 160 Nm) as shown in Table IV. For
the volunteer studies like study [43], they had to estimate head inertial properties, such as mass, centre of
gravity and mass moment of inertia, by using regression models from the literature. This discrepancy could be
due to inevitable errors from the estimation of inertial properties of the head from the Wismans study (i.e.,
volunteer study). Inertial properties of the head have been characterised previously using PMHS and human
volunteers [48-54], and it has been demonstrated how error in inertial properties can produce inaccurate
upper neck loads. Study [9] found that 3 mm CG location differences can affect upper neck loads by as much
as 17%, and 5% of error in MMI can result in 17% error in upper neck moments. C3 and C6 rotation about both
the x and z axes can be found in Appendix A (Fig. A4).

TABLE IV
PMHS RESULTS COMPARISON TO OTHER RESEARCH RESULTS IN OBLIQUE IMPACTS
Study [43]

PMHS1 PMHS2 Mean (D)
Head rotation (deg) about the y axis -54.6 -40.4 -57.9 (13.1)
Head rotation (deg) about the z axis -3.1 -17.9 -12.1 (6.8)
Neck linkage rotation (deg) about the y axis N/A N/A -70.1 (14.4)
C3 rotation (deg) about the y axis -52.9 -68.5 N/A
Lower neck My (Nm) 71.7 73.0 117 to 160 Nm*

* Lower neck My from study [43] was estimated from the plot provided in their study.

Twist Impacts
Atlantoaxial dislocation and unilateral facet dislocations can occur with excessive neck torsion. In order to
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understand neck torsional responses and injury, studies using PMHS have been performed [44-46]. In the
current study, one PMHS (PMHS3) was tested in the neck twist condition. It should be noted that the current
experimental set up allows for the measurement of lower neck torsional moment including passive muscle
resistance, which no previous studies have reported. Also, an input rotational rate of 1,800 deg/s used in this
study is higher than previous studies in which isolated cervical spines were used for torsion experiments. A
previous study used a maximum input rotation rate of 500 deg/s [46]. Myers’s study used the ligamentous
cervical spine with no muscles, while the current study used intact head and neck with muscles. Myers’s study
used the dens as the upper center of rotation and 1/5 length of the T1 as the lower center of rotation, while the
current study used the mastoid process as the upper center of rotation and the anterior edge of the T1 as the
lower center of rotation. The maximum failure torque found in Myers’s study was approximately 32 Nm, which
was estimated from Figure 9 in Myer’s study [46], while the maximum torque value obtained from the current
study was 54.2 Nm (Fig 11 and A7). This larger torque measured from the current study than that from Myers’s
study is likely due to the passive muscle influence on the torsional resistance of the neck and also due to
different measuring locations (occiput in Myers’s study and T1 in the current study). Since the current study has
only one sample, more data are needed to evaluate the passive neck muscle effect on the neck’s torsional
response and injury potential.

Limitations

For the side, oblique, and twist tests, biomechanical targets could not be created due to small sample size of
one or two PMHS. Some PMHS were also tested multiple times (PMHS 1, 2 and 3) to produce head-neck
responses in various impact modes. Palpation and x-ray were performed after each test to check for cervical
spine injury. However, soft tissue injury cannot be detected by this injury assessment method; therefore,
caution should be used when reviewing responses from the second and third tests (e.g., side, oblique and twist
tests) from a given PMHS. However, since head and neck responses from PMHS in these various impact
directions are limited in the literature, this study should help to better understand biomechanical responses of
the head and neck, especially lower neck loads and cervical kinematics. One major challenge of the
experimental setup in this study was how to maintain anatomical similarity of the neck musculature. The initial
neck muscle tension was set up while the head was held by the head harness and release system. Since the
head release system was activated right before the time of event, the initial neck tension could be reduced. This
reduction could also affect kinematics of the head and neck. This limitation can be improved by using spring
muscle replicators used in previous studies [11,12]. It was assumed that head and neck responses including
neck musculature would provide more realistic boundary conditions than using an isolated cervical spine.
However, uniaxial load cells used to measure neck muscle tension were installed in the global z directions.
Future tests should consider the use of multi-axis load cells so that forces in x and y directions can be measured
to calculate resultant forces for the neck muscle tension. Since PMHS were used, lack of muscle activation
should be considered when the results from the study are used in ATD or finite element modeling studies. A
nominal mini-sled input was used for the frontal, side and oblique impacts. This nominal mini-sled input was
based on the T1 acceleration in the x direction from the full body PMHS tests in frontal impacts [7]. For side and
oblique impacts, the head and neck responses were compared to those from the literature to justify the
mini-sled input, which is a limitation of this study. The mini-sled used in this study allowed only one degree of
freedom (e.g., single axis acceleration) so that motions and rotations about off-axes at the lower neck could not
be applied to the mini-sled system as inputs. However, since the mini-sled setup was well controlled,
researchers should be able to replicate the experiment from this study so that a physical or virtual
computational model can be evaluated or validated against the results from this study.

V. CONCLUSIONS

Biomechanical responses of the head and neck were measured in various impact conditions, e.g., frontal, side,
oblique, and twist. Biomechanical targets in the frontal impact and responses in side, oblique, and twist modes
were created and provided for future biofidelity evaluation for ATDs and computational human body models.
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VIII. APPENDIX

Appendix A
TABLE Al
PMHS HEAD AND NECK ANTHROPOMETRY (unit: cm)
Head Head Head Head Neck Neck Neck
breadth  height depth  circumference breadth depth circumference

PMHS1 15.5 23.5 19.0 56.4 11.7 10.6 36.5

PMHS2 14.1 22.0 19.0 58.0 12.7 9.2 35.5

PMHS3 15.3 23.0 20.3 61.0 12.7 12.8 43.0

PMHS4 13.5 20.9 18.8 57.0 11.5 8.8 35.5

PMHS5 13.9 23.6 19.0 57.6 11.4 13.5 41.5

Mean 14.5 22.6 19.2 58.0 12.0 11.0 38.4

SD 0.9 11 0.6 1.8 0.6 2.1 3.6

TABLE All
HEAD AND NECK WEIGHT AND MASS MOMENTS OF INERTIA
UNIT: KG AND KG-CM?
HD: HEAD, WN: WHOLE NECK

HD Wt HD Ixx HD lyy HD lzz WNWt WNIxx  WN lyy WN lzz
PMHS1 3.8 184.8 200.6 143.9 1.4 38.6 335 22.4
PMHS2 3.6 129.0 184.3 171.6 1.5 41.1 41.7 27.8
PMHS3 4.3 164.3 2344 208.4 1.6 46.8 39.8 30.6
PMHS4 3.6 104.3 182.8 158.3 1.4 34.8 31.2 24.4
PMHS5 3.7 116.1 183.6 193.7 1.6 42.0 29.2 35.3
Mean 3.8 139.7 197.1 175.2 1.5 40.7 35.1 28.1
SD 0.3 30.2 19.8 23.3 0.1 4.0 4.9 4.6
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Appendix B
l—.l Frankfort plane
2
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Potting
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Six-axls load cell
(a) Side view

Head angle (HA): 0 £ 5 deg; T1 angle (T1A): 24 + 5 deg;
TDx: 8.1+3.4cm; TDz: 229+ 2.1 cm;
Ax
Uni-axial load cell

Six-axis load cell

(b) Top view
Ex: 17.2 cm; Ey: 31.1 cm; OSx: 2.8 cm; Ldy: 10.2 cm

Fig. B1. Information for human body model - head position with respect to center of potting cup
and load cell locations. TDx and TDz were determined from FARO measurements for all five PMHS.
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TABLE BI
INFORMATION FOR MUSCLE ATTACHMENT TO RING

Anterior neck muscles that were attached to
the ring

e Sternocleidomastoid muscles

e Scalene muscles

e Sternohyoid and sternothyroid muscles
e Platysma muscle

Posterior neck and back muscles that were
attached to the ring

e Trapezius muscle

e Rhomboid major and minor muscles

e Serratus posterior superior muscle

e Splenius cervicis and capitis muscles

e Semispinalis cervicis and capitis muscles
e Erector spinae muscles

e Levator scapulae
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(b) Posterior load cells

Fig. B2. Neck muscle load cells in the frontal impact (+: tension and -: compression)
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(a) Left side load cells
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(b) Right side load cells

Fig. B3. Neck muscle load cells in the side impact (+: tension and -: compression)
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(b) Posterior load cells

Fig. B4. Neck muscle load cells in the oblique impact (+: tension and -: compression)
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