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Abstract

Degeneration of the cervical spine is part of the normal aging process, wsigallying
without clinical symptoms. Symptomatic degeneration most often occurs in the lower cervical
spine, presenting axial neck pain, radiculopathy, myelopatby any combination of the three
When conservative treatment does not adequately manage these symptoms, surgical intervention
may be required. The longstanding surgical treatment for cervical degeneration is arthrodesis
achieved through anterior cervical discectomy and fusion (ACDFglatively newer treatment
is arthroplasty with a cervical total disc replacement (CTDR), a mspanng procedure
designed to maintain adjacdetel loading. While literature exists comparing the effects of
cervical arthrodesis and cervical arthropfash neck kinematics and loading, the vast majority
of these studies applied only guagatic, norinjurious loading conditions. This dissertation
research used a stadéthe-art, full body human finite elemen{FE) model to investigate the
effects of tkese surgical procedures on neck response during simulated dynamic impacts.

A method was developed to measure cgesgional forces and moments at each level of
the neck in the FE model. Neck loading was captured during tané@mobile impact
simulations a frontal impact of a belted driver with airbag deployment, a frontal impact of a
belted passenger without airbag deployment, and an unbelted side impact. The measured neck
forces and moments were compared to existing injury threstadlebs and used to calculate
injury criteria valuesFour additional simulations of the frontal impact with the belted driver

were conducted with neck modifications representative of either a fusion or arthroplastg.of C5



While crosssectional loading l@ove and below the implants did not vary appreciably, key
differences were noted in both the interbody and facet response. However, no neck injury
thresholds were exceeded in any of the simulations.

With cervical radiculopathy diagnosed in 24,742 activey U.S. military personnel
between 2000 and 2009, interest in cervical arthroplasty as treatment for symptomatic cervical
degeneration in this population has increased. This meparnng procedure has the potential to
expedite posbperative recovery tim allowing for these highly trained individuals to return to
activeduty sooner than with a fusion. Due to the physically demanding nature of the military
environment, it is important to ensure that this surgical procedure does not increase the
likelihood of a neck injury.

An FE simulation environment wasleveloped to investigate aviator head avatk
response during a survivableptarywing aircraft impact with the groundusing both an
anthropomorphic test device (ATD) and a human body mdded head ad neck response of
the ATD FE simulation was successfully validated against the results of a previously conducted
experimental sled test. Aore biofidelic head and neck respomses produced witlthe human
body model, includingrealistic changs in neck curvature. Additional simulations were
conducted with the human body model to investigate the neck response after cervical
arthroplastyof C5-6. While the adjacerevel, crosssectional loading for the C6 segment was
not appreciably altered by the CTDR$he interbody rangef-motion was increased,;
subsequently altering both the interbody and cervical facet loading. Again, no neck injury
thresholds were exceeded in these simulations. Overall, cervical arthroplasty did not appear to
have a deleterious efft on the dynamic neck response during a simulated +oiagy aircraft

impact.
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Chapterl:l nt roducti on and Research

Introduction

Cervical spondyl osis is defined as a ndeg
vertebrae, intervertebral disks, and surrounding ligaments and connedive util]o
Degeneration of the cervical spine is part of the normal aging process, usually occurring in the
absence of clinical symptonj2-5]. When symptoms present, they manifestal neck pain,
radiculopathy, myelopathyr any combination of the tbe[6, 7]. Symptomatic degeneration
most often occurs in the lower cervical spine between C5 and C6 and may require surgical
intervention[2-5, 8]. Anterior cervical discectomy and fusion (ACDF) is the primary surgical
treatment for cervical degeneratigdisc disease (CDDDJ)9-13]. Cervical arthrodesis of the
affected level typically involves replacing the disc with an autograft, allograft, or synthetic graft,
and securing the adjacent vertebrae with anterior plgfidg 15] An alternative to fusion is
cervical arthroplasty, which involves replacing the intervertebral disc (IVD) with a cervical total
disc replacement (CTDR). Unlike ACDF, cervical arthroplasty maintains the -cdrigetion
(ROM) and adjacenevel loading[16-22], potentially decreasing ¢hincidence of adjacent
segment degeneration (AS)2, 23, 24] Additionally, shorter posbperative recovery times
have been reported for cervical arthroplasty as compared to ARBF 2528]. While
experimental and computational studies have supponeduinctional equivalence between a
CTDR and an IVD under quastatic loading conditiongl7, 2622, 29] little is known about the
response of the surgically altered neck under dynamic, higher energy, loading corjd@ions

31].



Between 2001 and 201031,986 activeduty U.S. military personnel were diagnosed
with degenerative disc disease (DDD), with pilot and aircrew personnel composing 5,505 of
these individuald32]. A total of 90,855 lost duty days were attributed to D&d&cific and
DDD-relatedmedical encounters. &vical radiculopathywas diagnosed in 24,742 actihdrity
U.S. military personnebetween 2000 and 200BB3]. Interest in cervical arthroplasty as
treatment for CDDD in members of the armed forces has recently increased due torthal pote
for expedited pospperative recovery28, 34] However, it is important to ensure that this
surgical procedure does not place these individuals at a greater risk of injury, especially due to
the physically demanding nature of their jgBS-38]. While preliminary studies have reported
positive findings on cervical arthroplasty in the military popula{i®d, 34] more research is
required to evaluate dynamic neck response-gbtoplasty; particularly for military helicopter

pilots [39, 40]

Reseach Objectives

The purpose of this dissertation was to investigate the effects of €dReck response
during dynamic impact events through finite element (FE) analybis. dissertation research

washbrokendown into 5 research objectives:

Objective #1: Develop a method to capture crossectional forces and moments in the neck
of a human body FE model.

A seaies of cross sections was defined tlre neck to capture force and moment
contributions from bones, ligaments, active muscles, passive musclespfamidssie at each

level of the cervical spine. These forces and moments were reported in local coordinate systems

2



specific to the cervical levello evaluate dynamic neck loading in the model using these cross
sectionsthree automobile impact simulationgre conducted: a frontal impact of a belted driver

with airbag deployment, a frontal impact of a belted passenger without airbag deployment, and
an unbelted side impact. The measured neck forces and moments were compared to existing

injury threshold valas and used to calculate injury criteria values.

Objective #2: Model cervical arthrodesis and cervical arthroplasty at the C5 level of the
human body FE model

Cervical arthrodesis was modeled both as a series of constrained nodal rigid bodies
between lte inferior C5 and superior C6 vertebral bodies and as a generic cage, core, and
anterior plate implant. Cervical arthroplasty was modeled using two different € BORestige
ST and ProDis€. The geometries were reverse engineered from physical impameate
solid models, which were subsequently used to produce physical 3D replicas using a direct metal
laser sintering process. These replicas were compared to the original implants for geometric
accuracy. Once satisfied with the geometry, the solidatsowere converted to FE models and
assigned appropriate material properti€be IVD and anterior longitudinal ligament were
removed at the Cb levelof the neck modednd the adjacent vertebral bodies modified to accep

the FE models othegeneric inérbody fusion implanand theCTDRs.



Objective #3: Investigate the effects of cervical arthrodesis and arthroplasty on dynamic
neck response during a simulated frontal automobile crash.

The frontal impact simulation of a belted driver with airbag deployntempleted in
Objective #1 was repeated with the implants developed in Objective #2. Adeelntibading,

interbody loading, and facet loadimgere evaluated in each simulation.

Objective #4: Simulate a rotarywing aircraft impact using an FE ATD and human body
model.

A rotary-wing aircraft impact was simulated witln &E anthropomorphic test device
(ATD) andvalidated against a previously conducted experimental sled test. Effects of initial
positioning of the ATD on head and neck response were evaluated. An additional simulation was
conducted with a human body model to produce a more biofidelic head antespokse than

the ATD simulations. Changes in neck curvature and «essonal loading were examined.

Objective #5: Investigate the effects of cervical arthroplasty on dynamic neck response
during a simulated rotary-wing aircraft impact.

The rotarywing aircraft impact simulation conducted in Objective #4 was repeated to
evaluate the neck response of the human body model with the CTDRs developed in Objective
#2. Crosssectional loading, interbody loading, and facet loading and strain were examined for

the C56 segment. Neckurvature andhterbody kinematics were also reported.



Dissertation Structure

Chapter 1 provides a brief introduction and the research objectives of this dissertation.
Chapter 2 provides background information on relevant anatoeryjcal degenerative disc
disease, injury biomechanics, and rotaing aircraft crashworthiness. Chapter 3 addresses
Objective #1 and is basemh a paper published by White et g1] in Computer Methods in
Biomechanics and Biomedical Engineering. Cheptd7 address Objectives # respectively.
Chapter 8 provides a summary of the dissertation results and conclusions, along with a list of

expected publications and potential future work.
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Chapter2:.Backgr ound eaRd wirew

Brief Overview of Relevant Anatomy

Skeleton

The cervical spine is composed of seven vertebraeQQ1with lordotic curvature
maintained by the wedegghaped intervertebral dis¢dvDs) (Figure 2-1) [1]. The first two
cervical vertebrae, C1 (atlas) and C2 (axas¢geometricallyatypical (Figure2-2). Anterior and
posterior arches connect two lateral masses, creating thikengjructure of C12]. Its superior
articular surfaces couple with the occipital condyles on the base of saulying the cranium.
This vertebra lacks a body and spinous process. C1 rotates about the odontoid process of C2,
articulating about its large superior articular facets. This process, also referred to as the dens, is a
bony pivot point that protrugecranially from the body of C2No IVD exists between these two
vertebrae. The remaining cervical vertebrae-@73 are similar to one another in structure and

containlVDs between each adjacent vertebral b{dB) Figure2-3.

/ ,

Figure2-1: Lateral view of the head and cervical spjBp
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Intervertebral Disc

The IVDs provide a strong, shoekbsorbing attachment between adjaceBs, and
account for up to 1/3 the height of the vertebral col{in]. The IVD can be broken down into
three distinct parts: the nucleus pulposus (NP), annulus fibrosus (AF), and cartilagineus end
plates[4]. The gelatinous NP located in the center of the disomposed of 90% water in the
young adult, with a reduction to 70% in the older population. The remainder of the NP is made
up of type Il collagen and proteoglycans. As with the watentent the total amount of
proteoglycan decreases with age. Theeplayer of the IVD is composed of approximately 90
concentric lamellar bands of collagen collectively referred to as the AF. The water content is
78% in younger adults, decreasing to 70% with age. Both type | and type Il collagen fibatrs run
30° anglego the discThe NP and AF are separated from Wi by a hyaline cartilaginous end

plate.

Ligaments

The biomechanicallyelevant ligaments of the cervical spine incluttee anterior
longitudinal ligament (ALL), posterior longitudinal ligament (PLL), calps ligaments
ligamenta flava, interspinous ligaments, and supraspinous ligaiffégtse 2-4) [4]. The ALL
runs over the anterior aspect of the vertebral bodiespwig in width as it passes over the
IVDs. The IVD portion of the ALL is excised at the level of cerviaehrodesis oarthroplasty
prior to discectomy. The PLL runs along the posterior aspe¢Bef widening as it passes over
the IVDs. Unlike theALL, the PLL is interwoven with the IVD AF. The capsular ligaments run
along the margins of articulating processes of the facet and uncovertebral gashtsontain

synovial fluid [2]. The LF connecs the anterior laminae borders of adjacent vertebraeisand
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considered the most elastic tissue in the body. The interspinous ligaments connect adjacent
spinous processes and are minimally developed in the cervical spine. The supraspinous ligament,

referred to as the ligamentum nuchae in the neck, connecigdiué €ach spinous process.

/I
i
b
af
<
<%

Figure2-4: Major ligaments of the cervical spiff].

Fascial Layes and Musculature
Several layers ofdeep cervical fascia compartmeniz structures within the neck

(Figure2-5) [2]. These layers create avascular cleavage planes utilized during surgery to separate
tissue without disrupting the neck vasculaturee major muscles of theeck (Figure 2-6) are
grouped into five categories: superficial, lateral prevertelrakrior prevertebrakuprahyoid,
andinfrahyoid.

The superficial neck musclesclude the platysma, sternocleidomastoid, and trapezius.
The platysma is a very thin muscle responsible for certain facial expressions and is the only neck
muscle not contained within the deep cervical fascia. The sternocleidomastoids are responsible

for lateral bending and rotation of the head when acting independently, and flexion and extension
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of the head when acting in unison. The trapezius is responsible for elevation, retraction, and
rotation of the scapula, as well as lateral bending, axial rotatal extension of the head and
neck. Thelateral prevertebramuscles include the splenius capitis, levator scapulae, and the
posterior, middle, and anterior scalene. The splenius capitis muscles laterally flex and rotate the
head and neck when acting independently and extend the head and neck when acting in unison.
The levator scapulae elevate and inferiorly rotate the scapula. The posterior and middle scalene
laterally flex the neck, while the anterior scalene both laterally flexes and rotates the neck. The
anterior prevertebral muscles include the longus coligls capitis, rectus capitis anterior, and
rectus capitus lateralis. The longus colli flexes the neck; with lateral rotation if acting
unilaterally. The longus capitis and rectus capitis muscles flex the head. The suprahyoid muscles
include the mylohyoidgeniohyoid, stylohyoid, and digastric. The infrahyoid muscles include the
sternohyoid, omohyoid, sternothyroid, and thyrohyoid. The hyoid muscles elevate and depress

the hyoid bone, aiding in swallowing and speaking.

13



Muscular
Pretracheal

Omohyoideus |

Thyroid gland ).z%4 Sternothyroideus

Common carotid artery % ; Trachea

Int. jugular vein i
Sternocleidomastoideu Visceral
. y Pretracheal
Carotid egusnerve, Esophagus
Sheath
Ext. jugular vein Buccopharyngea
Scalenusanterior x : AN S —— 6" cervical vertebra
Scalenusmedius :
Prevertebral

Spleniuscolli

Levator scapulae L :
Semispinaliscolli

Trapezius Semispinaliscapitis
Spleniuscapitis

Investing
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Figure2-6: Muscles of the neck: (a) superficial, lateral prevertebral, suprahyoid, and infrahyoid,
and (b) anterior prevertebial].
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Surgical Treatment for Cervical Spondylosis

Overview
Reduction in disc height, disc bulging or herniatiéiigre 2-7), osteophyte formation,

spinal stenosis, and facet arthrosis are all forms of cervical spondylosis which may lead to axial
neck pain, radiculopathy and/or myelopatl§]. When nowoperative treatment fails to
adequately relieve these symptoms, surgical decompression may be required. Using an anterior
surgical approach to access the cervical spine allows cervical decompression of both the spinal
cord and nerve roofg]. A lateral, tansverse incision is made at the affected level of the neck
and platysma muscle is divid¢d]. The deep fascial planes are carefully dissected, separating
the carotid sheath laterally and trachea medi&ligure 2-8). The anterior vertebral column is

then located through blunt finger dissection. The prevertebral fascia is dissected and longus colli
muscles separated from the anterolateral aspect of the VBs. A discectomy is then performed
which includes removal of the/D, ALL, andany osteophytes. The void between the adjacent

VBs is filled with either a fusion graft or CTDR.
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Figure2-7: Herniated IVD impinging on a spinal nerj&.
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Figure2-8: Cross section of the anterior surgical approach to the cervical spine (used with
permissior{10]).

Cervical Arthrodesis
Cervical arthrodesis is the primary surgical intervention for cervical degenerative disc

diseasd10-14]. After cervical decompression is completed, an autograft, allograft, or synthetic
graft is implanted into the disc space. An anterior cervical plate provides rigid fixation between
adjacent vertebra, increasing both cervical stability and fusion[8htdPatents are typically
allowed to begin physical therapy, including rarafenotion (ROM) and strength exercises, 6
weeks postop. While most patients are allowed to return to full activityordhs postop,

complete fusion takes fromrGonths to a yed8, 15].

Cervical Arthroplasty
The first artificial discs, metal balls, were introduced the second half of theet@ury.

While Fenstrom is typically credited with being the first to attempt arthroplasty of the spine,

there were similar attempts made by other surg¢d®<4.8]. Only four CTDRs arecurrently
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approved for use by the FDBoth the Prestige S{Medtronic, Memphis, TN) and the ¢lisc

C (Synthes Spine, PaoliAP were approvedn 2007, the BRYAN (Medtronic, Memphis, TN) in
2009, and the MobC (LDR Médical, Troyes, France) in 201Bhe characteristics ahese
CTDRs, along with others currently iclinical trials, are described inTable 2-1 in terms of
desgn, material construct, degreefreedom (DOF), center of rotation (CQRj)obility, and
fixation technque The design is describeas thenumber of pieces, joint type, and articulation
type. The material description covers both the endplatesuaydhsert or nucleus. Degreef
freedom are described as rotational and direaligmendent translationandthe COR as either
mobile or fixed. Fixation technique includes prssnethods and any additional hardware used
to secure th€TDR to the adjacent vertebrae. Typically a titani{ifi) coating is applied to the
endplate of th€TDR to promote bone ingra.

Only the Prestige ST and ProDi€cwere evaluated in this dissertatiomsearch The
Prestige ST is a-fiece, balandtrough design with one point of articulatigRigure 2-9). This
stainless steel, metah-metal implant is capable dfireeaxis rotation and pureanteroposterior
(AP) translation, allowing for a mobile, instantaned@®R Vertebral body screws are used to
secure the implant to tredjacentvBs. The ProDiseC is a 3piece, balandsocket design with
one point of articulationFigure 2-10). The endplates are constructed cobaltChromium
molybdenum(CoCrMo) and the polymer insert difiltra-high-molecularweight polyethylene
(UHMWPE), creating a metabn-polymer joint. Only thee-axis rotation is preserved, creating a
fixed COR. TheCTDR is presdit between adjoining vertebeawith central keels implanteato

theadjacent VBs
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Table2-1: Currently available CTDR®nly the BRYAN, MobiC, Prestige ST, and ProDiScCTDRs are FDA approved devices.

. _
Material

Implant Company Design DOF COR Fixation
Medtronic 3-Piece, Ti-alloy, Polyurethane, Rotation, . .
BRYAN (Memphis, TN) BiarticularCore Metalon-Polymer AP/Lat Translation Mobile  Pressiit
. LDR Médical . — CoCrMo, UHMWPE, Rotation, .
Mobi-C (Troyes, France) 3-Piece, Biarticular Metalon-Polymer AP/Lat Translation ~ MoPile  Teeth
. 2-Piece . .
. Medtronic f StainlessSteel, Rotation, .
Prestige ST (Memphis, TN) Bal_l-andTrough, Metalon-Metal AP Translation Mobile VB Screws
Uniarticular
Synthes Spine o 1ece, CoCrMo, UHMWPE
ProDiscC {Paoli PAp) Ball-and-Socket, Metalrorr’PoI mer ' Rotation Fixed Central Keel
' Uniarticular y
. 2-Piece, . .
Cerpass Nu\{aswe Ball-and-Socket, Ti-alloy, Ceramlp ' Rotation Fixed Pressfit
(San Diego, CA) o Metalon-Ceramic
Uniarticular
2-Piece,
. Stryker Spine SaddleShaped CoCrMo, . Semi .
CerviCore (Allendale, NJ) Ball-and-Socket, Metalon-Metal Rotation Mobile Fins
Uniarticular
. DePuy Spine 2-Piece, Balland CoCrMo, UHMWPE, . .
Discovery (Raynham, MA) Socket, Uniarticular Metalon-Polymer Rotation Fixed Teeth
. Spinal Motion 3-piece, CoCrMo, RotationAP/Lat .
Kineflex|c (Mountainview, CA) Biarticular Core Metalon-Metal Translation Mobile  Central Keel
. N 3-Piece . .
Spinal Kinetics Lo Ti, Polymer Nucleus, Rotation .
M6 (Sunnyvale, CA) C_om_preSSIbIe Core. Metalon-Polymer AP/Lat Translation Mobile  Keels
Biarticular
Pressfit,
NuVasive Ball-andSocket, 0 vo UHMWPE, . . Surface
PCM . Uniarticular, Rotation Fixed .
(San Diego, CA) Metalon-Polymer Ridges, VB
(several types)
Screws
. 2-Piece . . . .
. Medtronic y Ti-ceramic composite, Rotation, . .
Prestige LP (Memphis, TN) Bal_l-andTrough, Metalon-Metal AP Translation Mobile  Rails
Uniarticular
3-Piece, Biarticular,
SECUREC Globus Medical Spherical Sugrior  CoCrMo, UHMWPE, Rotation, Mobile Central Keel

(Audubon, PA)

Surface, Cylindrical
Inferior Surface

Metalon-Polymer

AP Translation
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(b)
Figure2-9: Prestige ST: (a) anterigrew, (b) lateral crossectional view, and (c) implanted at
the C56 level.

AT
T

HTTT

(a) (b) (c)
Figure2-10: ProDiscC: (a) anterior view, (b) lateral cresectional view, and (c) implanted at
the C56 level.

Neck Injury Biomechanics

Overview

In order to discuss neck injury biomechanics, a common lexicon must be established with
regards to neck loading relative to head and chest motion. Relative motion corresponding to
positive polarity for neck forcenrd moment is illustrated iRigure2-11, Figure2-12, andFigure
2-13. Neck loading modes are further illustrated on the skeletal leVéyjure2-14. This loading

convenion is based on SAE J211 standards used in the automobile safety ifitistry
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Figure2-11. Relative head and chest motion corresponding to positive neck lateral shear force,
axial force and lateral bending moment.
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Figure2-12: Relative head and chest motion corresponding to positive neck AP shear force, axial
force and lateral flexion bending moment.
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Figure2-13: Relative head and chest motion corresponding to positive neck AP shear force,
lateral shear forgeand torsional bending moment.
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Figure2-14: Neck loading modes for (a) no loading, (b) compression, (c) tension, (d) flexion,
(e) extension, and (f) lateral bending. AP shear and torsion are not shown.
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Both volunteer and cadaver testing have been previously coddioctetermine injury
threshold for a variety of quastatic and dynamic neck loading modg0, 21] Injury
assessment reference values (IARVs) have also been defined for different loading modes and are
incorporated into government crash safety stand@2i25]. A variety of neck injury criteria
have also been established to understand the risk of neck injury during different loading modes
and are concisely described by Schmitt efzdl] . These criteria include the NIC; NNim, LNL,
as well as timalependent duration criteria. The majority of these neck injury thresholds and
criteria were developed specifically for the automotive community. However, other thresholds
and criteria have been developed for military use, in which vertical loading is mach

prominent{26-28].

Anthropomorphic Test Devices

The Hybrid 11l 53" percentile male Anthropomorphic Test Device (ATRs developed
as a biofidelic surrogate to study occupant protection in frontal andnear vehicle collisions
[29]. The Hybrid Il ATD neck, while designed to produce a biofidelic mechanical response
during frontal impacts, does not include the anatomical complexity of the human neck, nor does
it try to incorporate the effects of muscle response. The natural lordotic curvatheehafrhan
cervical spine is not replicated the ATD neck Another difference in spinal curvature exists in
the lumbar spine, which is curved in the Hybrid 1l ATD. Other ATDs with more accurate
lumbar spine orientation exist for aviation crash testingh ss the Hybrid Il and FAA Hybrid
Il ATDs [30].

The neck of the ATD is a singj@ece elastomer component with three interleaving
aluminum disc elements and two aluminum end plgigf Rotation of the head occurs about a
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pin-joint, representing the approximate location of the ©Cinterface, on the cephalic endplate.

A pair of nodding blocks on this endplate limits the head flexion and extension. Axial tension of
the neck is augmented through a central steel cable wbigression is predominantly the
product of the compressive properties of the elastomer. The different flexion and extension
response of the neck are due to the asymmetrical-sexs®nal geometry and three anterior slits
built into the geometry of the adtomerBoth the uppeneckand lower neclareinstrumented

with a single x-degreeof-freedom load cellallowing for forces and moments to lealculated

at the occipital condyle and the base of the neck.

Global Human Body Models Consortium Percentile Male Model
This dissertation research usdbe Global Human Body Models Consortium ™50

percentile male model/8.5), a high fidelity human body model specifically designed for crash
simulation Composed of 1.3 million nodes, 1.95 million elense and 847 parts, thiFE model

is the product of a team of research univessifrom around the world32]. The neck is
comprised of over 25,000 deformable elements composing the seven cervicakheertébDs
ligamentsmusculatureand soft tissuelhe geometry of the neck was developed at Wake Forest
University (WFU) School of Medicine[33] and further developed into an FE model at the
University of Waterloo in Ontario, Canada. The biofidelity of the neck has been rigorously
validated both at indidual cervical segment levels and for the full cervical spagle2-2 [34-

37]. Additionally, whole body validation has been conducted for a number a different impact
scenario§38-41]. Simulations were run withS-DYNA (R4.2.1, LSTC, Livermore, CApn the

Wake Forest University DEAC Cluster, a high performance computing (HPC) environment. The
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DEAC Cluster is a heterogeneous collection of 23®i64ntel Xeon based eoputational nodes,

containing over 11.4TB of RAM and 100TB of disk storage.

Table2-2: Validation of the GHBMC neck model per the man@a].

L . Primary Supplemental
Validation Type_ of Specific Load Case Eyaluguon Literature Literature
Level Loading Criteria
Reference Reference
Axial Rotation Vertebral Angular [42-44)
Rotation
. . : Vertebral Angular
Physiological ~Lateral Bending ot =& 19 [43, 44] [45]
ROM AP Shear Stiffness Response [46, 47]
(norvinjurious Flexion/Extension
. loading) Flexion/Extension Angular Rotation [43, 44, 4851] [4, 45, 52]
S Compression Force/Displacemen [46, 47] [53, 54]
g Tension Force/Displacemen [46, 47, 55] [56, 57]
3 Force/Displacemen
= . Vertebral Fracture
cﬁ 1
‘;’ Tension Disc Injury, [55]
@ Ligament Injury
© Force/Displacemen
Traumatic . Vertebral Fracture,
Loading Compression Disc Injury, [58] [45]
Ligament Injury
Flexion/Extension
Flexion/Extension Af‘gu'a.r Rotation [49, 50]
Disc Injury,
Ligament Injury
Lateral 79 Kinematics Head CG [59]
8g Kinematics Head CG [60] [59, 61]
15g Kinematics Head CG [60] [59, 61]
© Frontal Crash . -
£ ) . Ligament Strain [62]
o Injury Prediction .
v IVD Shear Strain [63]
IS - ;
g 4g Kinematics Head Response [64, 65]
g 79 Kinematics Head Response [66] [67, 68]
= IVD 69
Z Rearlmpact  Injury Prediction _ . 169]
Ligament Strain [70, 71] [72]
Rotated Head Intervertebral (73]
Kinematics Rotation
Tension Tension [55]
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Rotary-Wing Aircraft Crashworthiness

Experimental Crash Testing
Since the 1970s, fulicale crash tests oftary-wing aircraft have been conducted at the

Impact Dynamics Research Facility (IDRF) located at the NASA Langley Research Center
(Hampton, VA)[74]. Many of these fullscale helicopter tests evaluated the effectiveness of
energy absorption systems, crew restraint systems, and occupant rg3desizle While these
full-scale experiments are extremely valuable in evaluating the crashworthinesgaof aving
aircraft, theyare costly and compleXVhen seat and occupant response are of primary interest,
an alternative experimental approach is to mount the fuselage or seat directly to a crash sled and
apply an acceleration or deceleration pulse comparabledotaal crash pulse. Several sled test
experiments have been previously conducted, with cadavers or ATDs, in an effort to study seat
response and occupant protection during a simutatadywing aircraft crastj26, 27, 8388].

Between 1979 and 1985, aissrof 15 cadaver sled tests were conducted at the Wayne
State University Bioengineering Center (Detroit, MI) to determine the load threshold of spinal
injury during simulated helicopter crasH&4, 85] The majority of the tests used a production
UH-60A Black Hawk crew seat with energy absorber litodd factor between 8.6 and 14d
These norhelmeted cadavers were secured to the seat with th@ding restraint system pre
tensioned to approximately 133\¥ The seat was pitched forward either 17° or 34° with respect
to the velocity vector and subjected to a triangular deceleration sled pulse with 12.8 rivs delta
Upon test completion, the vertebral column was excised for each cadaver and compression tests
were conducted to determine the ultimate compression strengths of the various vertebrae. As
direct loading of the spine could not be obtained from the cadavers, complimentary ATD sled

tests were conducted to estimate cadaveric lumbar spine loading.ifdld@gd to strength ratio
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(SLSR) was then calculated from complimentary cadaver and ATD tests as the quotient of
applied axial spinal load measured from the ATD lumbar spine to the ultimate compressive
strength of the cadaver L5 vertebra. The magnitddeeoSLSR was found to correlate with the

rate of spinal injury. A method to correlate spinal injury rate and energy absorbdpénhivas
developed from this relationship. It was recommended that theyleh&rgy absorber lodonit

on existing U.S. Amy aircraft seats be retained since this limit correlated to a 20% spinal injury
rate.

Under the direction of the U.S. Army Aeromedical Research Laboratory (USAARL), the
Feder al Aviation Administrationodés (FAK) Civi
conducted a series of 8 deceleration sled tests in 1988 usiObl-&8 helicopter fuselagi3,

86]. The sled pulse deld ranged between 7.2 and 10.9 m/s and the fuselage orientation varied
between 0° and 90° pitafiown. A helmeted 8Dand 98" percantile ATD were positioned in the

right and left cockpit seats, respectively, and belted with the inertia reels set to the unlocked
condition. In two test conditions, the larger ATD was removed and the fuselage was oriented
with a 15° right yaw. The purpos these tests was twold: to evaluate the effectiveness of a

new energy absorption seat in mitigating back injury, and to study potential head impact with a
new pilot display unit (PDU). It was concluded that the new seat design absorbed more energy
than the existing seat, decreasing vertical loading to the lumbar spine. Additionally, helmeted
head to PDU impact did not produce injurious levels of head acceleration or neck loading.

Four series of heasupported mass (HSM) tests were performed betwe@? 20d 2004
at the University of Virginia Center for Applied Biomechanics (Charlottesville, VA), also under
the auspices of USAARI26, 27] The purpose of these tests was to investigate the effects of

HSM on cervical spine injury during experimentally siatedrotary-wing aircraft crashes and
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to subsequently develop a new injury criterion for the lower neck. HHeekl component and
whole-body experiments were conducted with cadavers and two types of ATDs: the Hybrid 1lI
50" percentile male and the THG#pha. A halo device was attached to the head of each
surrogate, allowing for HSM to be added in the form of weights at varying distances from the
head center of gravity (CG). For the component tests, therteskdcomplexes were suspended
from the undersiel of a minisled with the neck angledt5°, 0°, 15°, 30° or 45° from the
horizontal. The HSM varied between 0.0 and KgOand was located between 0 and 1i®
superior to the head CG. The msied was accelerated with a pneumatic impactor, producing a
maximum velocity between 1.70 and 6.86s. The wholébody sled tests were conducted with
surrogates secured with a fipeint restraint system to a seat fixture angled 30° from the
horizontal. The HSM varied between 0.0 and R and was located at the kbe&G. A
triangular deceleration profile representative abtry-wing aircraft crash was imparted to the
sled, producing a dekd between 9.3 and 138/s. The kinematic responses of the head and
neck during these sled tests were reported to be ndodiffierent between the cadaver, Hybrid

lll, and THOR. The most prominent visual difference in kinematics was noted in the shear
motion of the head relative to the torso between the cadaver and Hybrid He&tosecropsies
were conducted for all cadawtests with neck injuries assigned a Maximum Abbreviated Injury
Score (MAIS)[89]. The majority of both component and whbledy injuries were to the
posterior ligaments of the cervical spine, predominantly occurring between C5 and T2. A new
lower neck mjury criterion, the Beam Criterion, was subsequently developed predicting a 50%

risk of at least a moderate injury at unity.
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In 2004, an extensive series of sled tessperformed at the Naval Air Warfare Center
(NAWC) Aircraft Division Horizontal Acckerator facility (Patuxent River, MD) to study neck
kinematics resulting frommotary-wing aircraft crashe$87, 88] The aviator size, helmet mass
properties, and impact severity were varied for each of the 43 sled tests. A Hybrid I1l ATD 50
percentile nale, 93" percentile male, and™percentile female were used as aviator surrogates,
each with a custom head fixture. The mass propertiepresenting different helmet
configurations were simulated by directly bolting weights to different holes in tlieseres.

Each test was run using a low, medium, or Fsghkierity sled pulse corresponding to a d¥ltaf

7.6, 9.6 or 15.2n/s, respectively. These crash pulses were based on existing 36dqitolseat
gualification crash corridors and were repres@rgadf the seat pan acceleration of an energy
absorbing seat. A generic figmint restraint system, ptensioned between 160 and 185
secured the ATD to a rigid seat. Neck loading, head acceleration, and chest acceleration were
reported for each teshe likelihood of injury to the upper and lower cervical spine was
evaluated using both a modified version of the Neck Injury Criterig [8D-92] and load
duration limits for neck tension, compression, @Ml shear[23]. Statistical analysis revealed

that the additional head mass did not have a significant effect on the neck response. However,
sled pulse severity and ATD size for a given sled pulse severity were found to have a significant

effect on most neck parameters.

Crash Modeling and Simulation

Computational modeling has been used to evaluate aircraft crashworthiness, particularly
helicopter crashworthiness, for close to four decddds 9396]. In the early 1970s, the
LockheedCalifornia Company released KRASH, a kinematic lumped parameter utemp
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program developed to simulate helicopter structural response during simulated [9as8&s
100]. Initially sponsored by the U.S. Army, further development of the program was sponsored
by the FAA [101]. During the same time period, the Grumman Agags Corporation
developed the program DYCAST (DYnamic Crash Analysis of STructures) with the support of
NASA and the FAA102]. This nonlinear structural finite element program was capable of both
implicit and explicit time integratioj103]. DYCAST has ken used to study the structural
crashworthiness of both rotary and fixethg aircrafts[104-106].

With support from the FAA, the computer program SQM (Seat/Occupant Moddl
Light Aircraft) was developed by Simula Inc. in the late 1970s to study fisera and occupant
response in a crash environm¢h®7, 108] This program consisted of a-$2gment lumped
parameter occupant with an implicit finite element model seat structure. It was used extensively
to evaluate occupant response in an enafgpobing helicopter seat during a simulated impact
[107-110]. A modified version of the program, SGNA (Seat/Occupant Modédl Transport
Aircraft) was later developed with more complex seat structure capable of sedtpags8engers
of different size$108, 111].

The Articulated Total Body (ATB) model, a dynantickage system supported in part by
the Air Force Research Laboratory (AFRL), was developed to predict gross body motion during
simulated dynamic impactd12]. While primarily used to model automobile collisions and
aircraft ejection with windblast exposure, the ATB model has been used by USAARL to study
occupant response during simulated helicopter crashes. In particular, several studies have
investigated theeffects ofHSM and multtairbag restraints on head and neck response during
these simulations[113-118]. A more advanced mulbody model program, MADYMO

(MAthematical DYnamic Models, TNO, Netherlands), has also been used to predict neck
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injuries from HSM during simulated helicopter crashd$19]. Preliminary MADYMO
simulations were also used in the development of a series of experimental sled tests conducted
by the NAWC to evaluate risk of neck injury from HSM in helicopter crafi&s38]

Most of the meoe recent helicopter crash simulation studiesl@sglicit time integration
FE programs, including MSC.Dytran (MSC Software Corporation, Santa Ana, CA) and LS
DYNA (LSTC, Livermore, CA)[95]. These codes allow for analysis of higjeed, dynamic
impacts nvolving large deformations. The U.S. Army Research Laboratory (ARL) converted an
MSC.Nastran modalibrations model of an Advanced Composite Airframe Program (ACAP)
helicopter intoan MSC.Dytran model for use in fuicale helicopter crash simulatiofi20].
The predicted responses of the overall aircraft structure, landing gear, floor, and occupant seats
were compared to the experimental results of asitdle helicopter crasfil21-124] The
majority of the FE occupant response studies utilizedDlYBIA. The Polytechnic University of
Milan simulated a previously reported experimental sled test of an energy absorbing helicopter
seat using both a generic and an FAA Hybrid IIl ATD FE m¢ti2b]. The difference in lumbar
curvature between the two models appdao greatly affect both lumbar loading and upper seat
stroke. Vertical drop testing of a WASP helicopter skid gear was experimentally conducted and
modeled by NASA using two Hybrid 1ll §5percentile ATDs seated on different foam padding
[126, 127] The occupant response validation included both pelvic and chest accelerations.
NASA also conducted two fulicale MD500 helicopter crash tests, with and without a
composite deployable energy absorber located on the underbody of the Hi&34f80]. Both
of these tests were simulated in-D¥NA with the four occupants modeled as Hybrid 111150
percentile males, one with a modified human torso. While structural response took priority in

these studies, experimental and predicted lumbar loading of the goitbtpassenger were
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compared128]. Vertical seat drop tests have also been conducted with the THUO&RIvanced
crash test dummy and subsequently simulated with both a TINDRnd THUMS (Toyota
Human Model for Safety) FE modfl31]. While neck loading wasomparable between both
the ATD and human models, a greater degree of bending in theagitthl plane was observed
for the THUMS model, attributed to flexibility of the spinal column.

Due to the time and cost associated with experimental aircraft crebhvess testing,
the concept of certification by computational analysis has become more appealing to both the
FAA and aircraft manufactures. In 2003, the FAA released Advisory Circuld@d@0which
provides guidance on aircraft seat compliance demoiwstréfirough computation modeling
[132]. A baseline seat model must first be validated against dynamic experimental tests, meeting
a set of general and applicatispecific validation criteria. As this process is subjective in
nature, the FAA stressedthepor t ance of M@Agood engineering
validation results. This validated seat model may then be used in support of dynamic testing to
determine critical loading scenarios or in lieu of dynamic testing when incremental changes have
been made to the seat design. Application of the certification by analysis approach, including the
details behind initial validation of a baseline aircraft seat model, has been previously reported
[133, 134] Jackson et al95] discussed the potential afash certification by analysis as it
applies to military helicopter design. The authors recommend, at minimum, orscdidl
experimental crash test for crashworthiness qualification purposes, with the results used to
validate an FE model. This validatetbdel is to then be used merely as a tool to further evaluate

the crashworthiness of the aircraft design.
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Conclusions

The use of FE modeling to evaluate rotanpg aircraft crashworthiness is becoming
more prevalent. This valuable tool can also baluseevaluate occupant response, particularly
neck response, during a rotamyng aircraft impact. Military pilots suffering from cervical
degeneration may require surgical intervention that can potentially alter neck biomechanics
during such an impact. s important to understand how the surgically altered neck would
respond and to assure that these military personnel are not placed at a higher risk of neck injury.
The purpose of this dissertation is to evaluate the effects of surgical treatment foalcerv
spondylosis on neck response during a simulated frontal automobile impact and survivable

rotary-wing aircraft impact.
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Abstract

Human body finite element models are beginning to play a more prevalent role in the
advancement of automotive safety. A methodology has been developed to evaluate neck
response at multiple levels in a human boditdielement model during simulated automotive
impacts. Three different impact scenarios were simulated: a frontal impact of a belted driver with
airbag deployment, a frontal impact of a belted passenger without airbag deployment, and an
unbeltd side impdcsled test. Crossections were created at each vertebral level of the cervical
spine to calculate the force and moment contributions of different anatomical components of the
neck. Adjacent level axial force ratios varied between 0.74 and 1.11 andnadéaet bending
moment ratios between 0.55 and 1.15. The present technique is ideal for comparing neck forces
and moments to existing injury threshold values, calculating injury criteria, and for better
understanding the biomechanical mechanisms of negkyi and loaesharing during sub

injurious and injurious loading.

Keywords Finite Element Methods, Cross Section, Cervigah& Neck,Biomechanis, Injury
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Introduction and Background

Neck Injury Biomechanics and Tolerances
Motor vehicle collisions (MVCs) are the most common cause of cervical spine fracture

and dislocatiorj1]. According to the National Spinal Cord Injury Statistical Center, MVCs were
responsible for 39.2% of all reported spinal cord injuries between 200%04144P]. A previous
review of epidemiological data from clinical and accident database files found-relsted
cervical spine injuries tended to manifest between the occipital condyle (OC) and C2 of the
upper region and GE&6 in the lower regiof3]. Upper cervical spine injuries were commonly
associated with fatalities and lower cervical spine injuries with survivors. Of the serious injuries
reported, 20% were to the spinal cord and 65% to the bone. Still, the majority ofrélat€d
injuries to the cerneal spine are minor soft tissue injuries usually resulting fromdpeed, rear
end impacts[4]. While not lifethreatening, these injuries are associated with high
socioeconomic costs on a global lefgl

In 1976, General Motors introduced the Hybiiid50™ percentile male Anthropomorphic
Test Device (ATD) as a biofidelic surrogate to study occupant protection in simulated frontal and
rear MVCs[6]. In the following years, scaled versions of the ATD were developed, representing
the small 8 percentié female, large 95percentile male, -3and 6year old child, and a-612
and 18month infant. Each of these ATDs is instrumented with a single six degree of freedom
load cell in both the upper and lower neck. These load cells allow for forces and ts¢one@
calculated at the levels of the €l junction and at T1, and compared with defined Injury
Assessment Reference Values (IAR\B) 7]. These IARVs were selected so that the risk of
associated injuries would be minimized for a particularly sizedipant, as long as the IARVs

are not exceeded. To account for the viscoelastic properties of tissualeperedent loading
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criteria for the neck in tensiospmpressionand shear have also been developed in the form of
exceedence plofs].

The N; neckinjury criterion is the primary method to evaluate the risk of neck injury
from a frontal MVC, including any airbag interactif®12]. The criterion is based on matched
3-year old ATD and animal airbag interaction tests which linearly combine normabkzacand
sagittal bending moments from the upper neck loadtil5]. Four possible loading scenarios
are evaluated: tensiextension, tensicflexion, compressiorextension,and compression
flexion. Rearend impact criterion include the Neck Injuryit@rion (NIC), Neck Protection
Criterion (Nim) and Lower Neck Load Index (LNL). The NIC value is calculated from the
relative acceleration and velocity between the upper and lower neck in the gnbstenior
(AP) direction[16]. It is based on the hyfigesis that transient pressure changes in the cervical
spinal canal, caused by a quick extendlerion motion of the neck, lead to ganglion injuries.
The N, value is based on the summation of normalized shear loads in the AP direction and
flexion/exten®on moments, similar to the;N17]. The critical intercepts used to normalize the
load and moment were based on {mgnrious volunteer studigd 8, 19] The LNL value takes
into account three force components and two bending moments of the lower aéockelp
normalized by critical intercept valug0].

Governmenimandated occupant crash protection regulations differ from region to region
around the world. In the USA, Federal Motor Vehicle Safety Standards (FMVSS) 208 sets peak
reaction forces anchomentsand N, critical intercept values for the upper neck during frontal
crash tests for different ATD sizg&l]. In Europe, the Economic Commission for Europe (ECE)
R94 sets thresholds for maximum neck extension moment, as well adejpaedent loadg

criteria for neck tension and shear for frontal impact[&&t
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Brief Review of Finite Element Neck Models

While physical crash testing with ATDs is the standard for evaluating the safety of new
vehicles, computer simulations have become more and prevalent in studying the potential
for MVC-induced injury. Mathematical modeling of occupant kinematics during a vehicle crash
was born close to 50 years ago with the advent of compj#8ys24] Extensive reviews of
human body computational models dige study impact biomechanics exist in the literafdde
26]. One of the first finite element (FE) neck models developed was a simplified geonietry 2
model to study laminectomy deformif27]. As technology has progressed, more complex 3D
FE neck modelswith detailed geometries based on CT and MRI scamese developed with
numerous injury biomechanics applications including frongéral,and rear impactf26, 28
41].

The current study utilized the Global Human Body Models Consortitfhpgécentile
male model (GHBMC M50y3-5), a stateof-the-art FE model of a seated aversggeed male
built for LSDYNA, R4.2.1 (LSTC, Livermore, CA)Higure 3-1) [42-44]. The model was
developed by a team of research university centers of excellence (COEs) around the world with
the Full Body Model COE model integration center located at Wake Forest University School of
Medicine and the Virginia Tech Wake Forest Centdor Injury Biomechanics. The GHBMC
neck model was developed at the Neck COE, the University of Waterloo, in Ontario, Canada
[45-48]. It is composed of seven cervical vertebrae with detailed facet joints and accompanying
intervertebral discs, as well asmlinear rate dependent ligaments, 3D passive muscles and 1D
active musclesHigure 3-2). Element types include hexahedral solids, shells,b&Bm and
discrete sprigs with a 1.5 mm representative mesh size for the vertebrae and neck muscles and
1.0 mm size for the intervertebral discs. The neck model has been rigorously validated both at
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individual cervical segment levels and for the full cervical spide 49] At the segmental level,
norrinjurious axial, lateral, shear, flexion, extensi@ompressionand tension loading mode
validations were performed. Traumatic flexion, extensicmmpressionand tensiodoading
mode validations have also been completed. THecéuvical spine has been validated against

lateral, frontal and rear end car crash events, as well as in tension.

Figure3-1

(b) () (d)

Figure3-2: Breakdown of the GHBMC neck model including (a) passive muscles and
vasculature, (b) ligaments, (c) active musclesl (d) supportive discrete elements.

CrossSections

The purpose of the currestiudy is to describe a methodology to evaluate neck forces and

moments at multiple levels of a human body FE model during simulated MVCs. Sexdigms
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were implemented in the neck to capture loading contributions of different anatomical
components. Foeach cervical level, transverse cutting planes were created according to a
locally defined coordinate system. Crasstional interfaces were then automatically calculated
using LSDYNA. Each of these interfaces contained a node set defining the cuttfagesand

one or more element sets. Only deformable elements to one side of the interface were selected.
Forces and moments for each anatomical component, at every cervical level, were reported in the
corresponding local coordinate system (LCSYS) and coedpaith current IARVs and injury

criteria.

Methodology

Simulations

The GHBMC whole body model was validated against various regional impactslland
body cadaver sled tesfd4, 49] Three of these validation simulations, two frontal and one side
impact have been repeated in the current study to examine the neck response at each cervical
level using crossections. The first simulation was of a fotoaited, 3point belted driver
subjected to a 13.3 m/s @V, [50]rToesecarld simulatfioa ct wi
was ofa3d oi nt belted (no retractor) passenger s
without airbag deploymenbl]. The third simulation was a 6. 7
Heidelbergtype seat fixture with no side wall pdidg [52-54]. The simulations were run under
LS-DYNA, (R4.2.1) on the WFU DEAC Cluster, a high performance computing environment

with 238 computational nodes containing 1904 processors, 11.4TB of totalrjemnd 100TB

of disk storage.
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Local CoordinateSystem
A LCSYS (Figure 3-3) was defined for vertebral bodies @1 in accordance with SAE

J211 sign conventiofb5]. The center of gravity (CG) for each vertebraJuding both shell and

solid elements, was computed with the Mass Trimming interface wPreBost (LSTC,
Livermore, CA). The local origin of the vertebra was defined by a node placed at this CG. A
second node was defined at the midpoint of the superionirdedor portion of the anterior
vertebral body, in the same sagittal plane as the CG, indicating the posilireetion. A third

node was then defined in the locatpiane, with the positive-girection to the right, orthogonal

to the sagittal planeConstrained Nodal Rigid Bodies (*CNRBs) were used to rigidly attach the
LCSYS to a node on its corresponding vertebra, allowing local axes to rotate with the vertebra.

The global coordinates of these nodes were output ah§.ihcrements.

Figure3-3: Local coordinate system for each vertebral level with the origin at the centers of
gravity for each vertebrae and axes oriented according to SAE J211 cony&btion

CrossSections
Six parts sets werereated, separating the neck into anatomical components including:

bones, intervertebral discs (IVDs), ligaments, soft tissue, active muscles, and passive muscles.
Database Cross Section Planes (*DCSPs), parallel with the logdhng, were defined at @a

cervical level Figure 3-4). These crossections were centered at the vertebral local origin and

49



extended radially, just past the outer surface of the neck shkensdme plane was defined six
times for each vertebra, allowing capture of the six part sets individually. The model was run for
a single time step, allowing for EBYNA to automatically capture all elements and nodes
associated with eadarosssectioral interface, reporting them in the D3HSP (high speed printer)
ASCII output file under the heading "interface definition". The captured elements and nodes for
each interface were extracted and placed into individual sets. Database Cross Section Sets
(*DCSSs) vere then created based on these element sets and incorporated into thé&iguoeel (

3-5). Projected views of the crosgctioral cuts are presented in Appendix Aidtimportant to

note that only deformable bodies are includedasgsections, not rigid bodies.

Figure3-4. View of the GHBMC head and neck along the +sagjittal plane. Crossectional
planes were dmed coplanar with each local coordinate systerpbane, capturing only
elements and nodes within the neck, and trying to avoid redundant measurement (overlapping
section planes).
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Figure3-5: Projected crossectional view of the (a) bone, passive muscles and soft tissue, (b)
*SET_SHELL and (c) *SET_SOLID captured at the level of C6.

CrossSectionForce (CSF), CrosSectionMoment (CSM) and CrosSectionCentroid
(CSC) data was output at s increments for each *DCSS. The CSF is the summation of the
internal node forces defined at the cresstioral interface. The moment contribution from each
node defined in the crosectioral interface is calculated as tlweossproduct of the internal
nodal force and the vector from the CSC to the location of this force. The CSM is the summation
of these cross products, representing the total moment about the CSC, not the local origin. Since
the CSC varies throughout timadhis dependent on which part set is defined in the *DCSS, the
reported moments require transformation to the local origins. Using the concept of equivalent
force systems, the moments about the local origins were calculated by adding the CSM to the
cross poduct of the CSF and vector from the local origin to the CSC.

While the CSF and CSM can be directly reported in the specified LCSYS, a problem lies
with the CSC which is only reported in global coordinates, regardless of how the *DCSS is
defined. Even thagh this issue may be resolved in newer versions eDYSIA, currently the
GHBMC model is stable only in R4.2.1. To properly transform the CSMs to the local origin, a
3x3 direction cosine rotation matrix was constructed from the global coordinate tioreekist

the nodes used to define the vertebral LCSYSs. The CSC data was transformed into the LCSYS
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using this matrix prior to moment correction. For consistency, this rotation matrix was used to

rotate both the CSF and CSM global results into LCSYSs

Discrete Elements

Since version R4.2.1 of LBYNA does not capture discrete elements using either
*DCSP or *DCSS, the force and moment contributions of these elements must be added to the
CSF and CSM results for each cervical level. The global forces andl camatdinates of each
discrete element were output at-% increments. Analytical geometry was used to calculate
the intersection points of the discrete elements with the -sexg®ral interfaces. The
coordinates of any point,,lalong a discrete eleant can be calculated using Eq. 1, wheg@nt
I, correspond to the coordinates of the two nodes defining the element. While the value of t may
be any real number, it must remain between 0 and } foiie within the physical boundaries of
the discreteelement. The coordinates of any poing, pn the plane defined by three, non
collinear points g p1, and p, can be calculated using Eq. 2. These three points correspond to the
coordinates of the three nodes defining theplane of a vertebral LCSYS. Aparametric
equation can be created by equating Eq. 1 and Eq. 2, where t can be solved and then plugged
back into Eg. 1 to calculate the point of intersection. For each cervical levetpsproduct of
the vector from the local origin to the point nfersection and discrete element force was used to
calculate the moment contribution from each discrete elermdese individual moments were
summed and rotated into the LCSYS using the rotation matrix.

lh=1la+ (Ib7 la)t (Eqg. 1)

Ph=po+ (PrT po)u +(P2T po)Vv (EQ. 2)
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Data Processing

The binary output files were peptocessed using Oasys T/HIS 1842 bit (Arup,
London, UK). The CSF results were filtered at CFC 1000 and CSM results at CFC 600 according
to SAE J211 specifications for neck load catighe Hybrid Il ATD [55]. For purposes of N
calculation, both the CFC and CSM results were filtered at CFC 600 according to FMVSS
regulation[21]. The nodal displacements and CSC results were filtered at CFC 60. Seatbelt and
airbag loading with the oopant were also filtered at CFC €65]. The occupantvall
interaction forces measured in the Cavanaugh side impact simulation were filtered with CFC
300. All of the filtered data was then processed usidgpumse code written in MATLAB 7.12.0

(R2011aMathWorks, Natick, MA).

Results

Animated results of the overall occupant kinematics are presented as individual d3plots
for the start, middleand end of each simulatiofigure 3-6, Figure 3-7, andFigure 3-8). Total
force and moment timeigtories were created for each simulation from the summation of bone,
ligament, active muscle, passive muscle, and soft tissue anatomical compandntiscrete
element loading contributions, in the rotated LCSYS for each respective cervicalHiguek(
3-9, Figure 3-10, andFigure 3-11). A summary of force and moment polarity with respect to
head and chest motion based on SAE J211 is present&dbie 3-1 [55]. Maximum and
minimum neck forces and moments are summarizedaiole 3-2. The individual force rad
moment contributions of the anatomical components and discrete elements are reported in the
Appendices BD. Force time histories of occupant/restraint systems and occupant/wall

interaction are reported Figure3-12, Figure3-13, andFigure3-14.
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(b)
Figure3-6: Simulation d3plots for the Formdan3 . 3 m/ slimdeW, 3pomtrbelted driver
frontal impact with airbag deploymeat (a) t=0 ms, (b) t=75 mand (c) t=150 m§0].

Figure3-7: Simulation d3plots for the Shait.1 m/ s 3qmdht belted (no retractor) passenger
frontal impactat (a) t=0 ms, (b) t=75 mand (c) t=150 m§1].

(b)

Figure3-8: Simulation d3plots for the Cavanaugh 7 m/ s @V | ater al -i mpact
type seat fixture with no side wall paddiag(a) t=0 ms, (b) t=50 mand (c) t=100 m§2-54].
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For purposes of the current study, only the total forces and moments will be reported in
this section. Many of the local extrema in the force and moment curves correlate with eccupant
restraint interactions. In the Forman simulation, maximum engagemt& opper shoulder belt
occurred at 70 ms and maximum occupant/airbag interaction at 85 ms. Prior to maximum airbag
interaction, the time of maximum engagement with the upper shoulder belt coincided with the
largest negative AP shear force in the uppevical spine and the largest axial tension force at
all levels. While AP shear force decreased in magnitude for both C1 and C2 just after the
maximum engagement of the upper shoulder belt, an inflection point was noted for both cervical
levels at the time fomaximum occupant/airbag interaction where AP sha#ssequently
increased in magnitude (larger negative value). At the approximate time of maximum
occupant/airbag interaction, a local axial tension force minimum and local axial moment
maximum were reacklefor all cervical levels.

In the Shaw simulation, maximum engagement of the upper shoulder belt occurred at 90
ms and of the lower shoulder belt at 116 ms. A force plateau was noted between both of these
points in time for the lateral shear and axialc&rfor all levels of the cervical spine. The
magnitude of the AP shear force began to increase (larger negative value) at a faster rate from
the time of maximum engagement of the upper shoulder belt to that of the lower belt. All levels
of the cervical sipe experienced a flexion moment for the entire simulation. At maximum
engagement of the lower shoulder belt, peak axial moments were experienced in the lower
cervical spine (CL7).

While there were no restraints in the Cavanaugh simulation, time of maxoocuparnt
to-wall interaction and estimated maximum lateratkrotation were reported. Occupéantwall

force time histories were reported for the upper body (shoulder, thorax, and abdomen forces) and
55



pelvis. The maximum force between the upper bodi/\vaall occurred at t=18 ms and between

the pelvis and wall at t=19.5 ms. Lateral rotation of the cervical spine in the frontal plane was
approximated in L&rePost. This estimated maximum lateral rotation was measured between C1
and C7 and occurred at t=%8s. Lateral shear forces first peaked shortly after pé&iwigall
contact at all levels of the cervical spine. Peak axial force occurred for all levels at approximately
the same time, between maximum pebasvall contact and maximum lateral cervicalirep
rotation. Peak lateral moments occurred roughly 10 ms prior to the time of maximum rotation for
the lower cervical spine (G67) and at the approximate time of maximum rotation for the upper

cervical spine (CILC4).
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Figure3-9: Total force and moment time histories from the Forman frontal impact simulation. These total load curves are the
summation of bone, ligament, active muscle, passive muscleissoft and discrete element anatomical component contributions in
the rotated, local coordinate system for each respective vertebral level. The vertical solid line corresponds to timetime rof
engagement of the upper shoulder belt (t=70 ms) aneettieal dashed line to the time of maximum occupant/airbag interaction
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Table3-1: Polarity rdative to sign convention for the measured neck loads and mofB&hts

Parameter Measurement HeadNeck Motion Manipulation for Positive Polarity
Fx Anterior/Posterior Shear Head rearward, chest forward
Neck Load Fy Lateral Shear Head leftward, chestightward
Fz Axial Head upward, chest downward
Mx Lateral Left ear toward left shoulder
Neck Moment My Flexion/Extension Chin toward sternum (flexion)
Mz Axial (Torsion) Chin toward left shoulder

The time of maximum total axial force and the time of maximum total bending moment
were determined for each simulation. Force and moment values for each cervical level
corresponding to these two times are presente&igare 3-15 and Figure 3-16. Adjacent
vertebral level ratios, C1/C2, C2/C3, C3/C4, C4/Ch/C6,and C6/7, were calculated using
these force and moment valu€sglure3-17 andFigure3-18). D3plot images for these two times
(approximate) are presentedkigure3-19. The Forman simulation produced a maximum axial
force of 1.1 kN at the C7 vertebral level (t=70.2 ms) and a maximum flexion moment of 64.6
Nm at the C6 vertebral level (t=122.4 ms). The adjavertebral level axial force and flexion
moment ratios were 0.80, 0.79, 0.74, 0.95, 0.94, 1.00 and 0.96, 0.88, 0.78, 0.87, 0,97, 1.00
respectively. The Shaw simulation produced a maximum axial force of 1.3 kN at the C7
vertebral level (t=121.3 ms) and a ximaum flexion moment of 113.5 Nm at the C5 vertebral
level (t=144.9 ms). The adjacent vertebral level axial force and flexion moment ratios were 0.89,
0.91, 1.04, 1.07, 0.87, 0.97 and 0.98, 0.91, 0.75, 0.84, 1.02, 1.15, respectively. The Cavanaugh
simulation produced a maximum axial force of 2.0 kN at the C4 vertebral level (t=30.8 ms) and a
maximum lateral moment of 110.4 Nm at the C6 vertebral level (t=46.2 ms). The adjacent
vertebral level axial force and lateral moment ratios were 0.87, 0.84, 0.80110051.11 and

0.60, 0.55, 0.69, 0.85, 0.95, 1.14, respectively.
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Table3-2: Peak neck forces and moments calculated for each cervical spine levels for the (F) Forman, (S) Shaw and (C) Cavanaugh
simuldions. The IARVs for each loading mode at the-OCand C7T1 junctions are included for referenag.

Peak OG C#

*

Loading 01 11 P c1 c2 c3 ca cs C6 c7
o Sh F 23 3751 15 -299.2 25 2046 76 -330.8 5.7 3656 286 -2368 589 -1485
€Al 310043100 S  24.2 -6835 1.6 -487.6 26 -391.1 452 -6347 286 -736.4 39 -687.4 224 -297.0
F(N) C 1902 -755.0 457 -463.8 97.6 -261.7 2951 -3325 2368 -271.5 4161 -288.0 299.2 -243.7
Lateral F 529 491 555 476 573 502 558 516 528 -90.9 300 -1187 35 -158.0
Shear +3100+3100 S 2458 -824 2552 -78.3 2550 -116.7 2843 -64.9 4362 -89.7 4282 -89.5 476.7 -147.5
K, (N) C 7566 -08 7532 -0.9 6721 2.2 8875 20 11324 -1.6 10847 -26.7 9242 -241.4
Ten/Comr 4170 4170) T /983 128 8277 -114 8884 31 10078 -L3 10584 -21 11212 48 11180 -1956
eg NomF 2000 4000 S 9700 1123 10889 -1133 11997 -1127 11855 -2249 11072 -2108 12324 439 12571 547
z(N) - - C 12452 -471.8 13975 -436.3 16650 -354.7 20444 -4188 1969.0 -743.9 1829.8 -757.8 1669.3 -809.4
Lateral F 66 22 63 3.2 66 56 61 90 6.7 -10.1 73 111 86  -94
Moment +143 +286 S 122 -86 162 -109 263 58 364 51 437 -11.6 495 -11.4 465 -187
M, (Nm) cC 362 -11.4 470 -80 719 94 942 33 1062 -01 1103 -01 983  -0.1
Flex/Ext F 378 24 387 -01 430 00 546 05 634 04 646 03 646 -01
Moment 120/ 31804 S 648 04 659 01 721 -1 955 -1.0 1135 05 1117 -01 1017  -0.1
mNm ° 192 ¢ 194 67 280 46 288 50 338 -61 207 64 242 38 229 67
Axial F 25 18 16 16 30 18 39 25 40 39 40 18 53 08
Moment +96 +96 S 05 -2.9 01 56 20 -12.1 35 -16.9 6.3 -14.8 21 226 09 -282
M, (Nm) C 165 -17.9 9.0 -16.7 09 -19.2 24 251 39 271 02 392 01 314

*F: Driver, frontal impact, 13.3 m/gV/, 3-point forcelimited belt, airbag deployment
S: Passenger, frontal impact, 11.1 oi§ 3-point belt with no retractor, no airbag deployment

C: Heidelberetype sled test, lateral impact, 6.7 mg#g, no side wall padding
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Figure3-12: Reported interface force time Figure3-13: Reported interface force time
histories of the occupant with the upper history of the occupant with the upper and
shoulder belt and airbag in the Forman lower shoulder belt ithe Shaw simulation.

simulation. The vertical solid line corresponc The vertical solid line corresponds to the tin
to the time of maximum engagement of the of maximum engagement of the upper shoul
upper shoulder belt (t=0/ms) and the vertical belt (t=90ms) andthe vertical dashed line to
dashed line to the time of maximum the time of maximum engagement of the low
occupant/airbag interaction (t= &%s). shoulder belt (t=116n9).
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Figure3-14: Reported interface force time history of the occupant with the wall in the
Cavanaugh simulation. The vertical solid line corresponds to the time of maximum upper body
to-wall contact force (t=18 ms) and the vertidakhed line to the time of maximum pelas
wall contact force (t=19.5 ms).
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Figure3-15: Distribution of axial forces for  Figure3-16: Distribution of bending moment:
each vertebral level at the time of overall for each vertebral level at the time of overa

maximum axial force. Time of maximuaxial maximum bending moment. Time of
force for the Forman, Shaw and Cavanauc maximum bending moment for the Forman
simulations occurred at t=70.2, 121aBd 30.8 Shaw and Cavanaugh simulations occurrec
ms, respectively. t=122.4, 144.9and 46.2 ms respectively. Th
flexion moment, My, was reported for the
frontal Forman and Shaw simulations and t!
lateral beading moment, Mx, for the lateral

Cavanaugh simulation.
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Figure3-17: Adjacent vertebral level axial Figure3-18: Adjacent vertebral level bending
force ratio at the time of overall maximum moment ratio at the time of overall maximur
axial force. Time of maximum axial force fo bending moment. Time of maximubbending
the Forman, Shaand Cavanaugh simulation moment for the Forman, Shaw and Cavanau
occurred at t=70.2, 121.8nd 30.8 ms, simulations occurred at t=122.4, 144a8d
respectively. 46.2 ms respectively. The flexion moment ra
was reported for the frontal Forman and Shi
simulations and the lateral bending momer
ratio for the lateral Cavaugh simulation.
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() (f)

Figure3-19: D3plots corresponding to the approximate times of maximum neck force and
moment for Forman (a) axial force and (b) flexmoment, Shaw (c) axial force and (d) and
flexion momentand Cavanaugh (e) axial force and (f) lateral moment.
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Neck tension timelependent curves were calculated for each simulation at each cervical
level (Figure 3-20). None of the calculated curves exceeded the injury tolerance threshold,
indicating thatseriousinjury due to neck tension was unlikeljhe N; value was calculated at
each cervical level using the axfalce and flexion/extension moment for both frontal sled tests
and the corresponding critical interceprsifle3-3) as specified in FMVSS 2(0&1]. The lateral
moment replaced the flexion/extension moment in the calculation for the side impact test and the
critical moment intercept was changed to match that used in previous lateral imp466t68i{s

For every point in time, only one of four laad scenarios exists when calculating N
(Table3-4). The combined [Ncalculations are presented as time histories for each simulation at
each cervical levelRigure 3-21). Maximum N, values for each cervical level are reported in
Table 3-5. The maximum [\ values for both frontal simulations were below the FMVSS 208
threshold of 1, corresponding to an approximately 22% riskedbus(AIS 3+) injury (Figure
3-22) [9, 59]. The maximum I\ value for the Forman and Shaw simulations were 0.313 and
0.492 at C7, respectively. The maximum value for the Cavanaugh lateral impact simulation was
1.958 at C6. Neither FMVSS 208 nor its lateral impact countefplsi¥SS 214[60], specify a

maximum N for lateral impacts.

Table3-3: Nj critical intercept values for the GC1 junction as specified FMVSS 2(i8l] and
for the OGC1 and C7T1 junctions as specified by MeffZ].

N, Intercept 0OGC1 OGCl  C?#T1
j (FMVSS 208) (IARV)  (IARV)
Ft 6806 6780 6780

Fc -6160 6200  -6200

M 310 305 610
Me* -135 -133 -266

*Replaced witht60 for Cavanaugh lateral impact simulat[66-58].
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Figure3-20: Neck tension duration results at each vertebral level with threshold boundary for the (a), Aoyi@haw and (c)
Cavanaugh simulations.
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Figure3-21: Nj time histories at each vertebral level for the (a) Forman (b) Shaw and (c) Cavanaugh simulations. For the Forman

simulation, the vertical solid line corresponds to the time of maximum engagement of the upper shoulder belt (t=70ens) and th
vertical dashedine to the time of maximum occupant/airbag interaction (t=85 ms). For the Shaw simulation, the vertical solid line
corresponds to the time of maximum engagement of the upper shoulder belt (t=90 ms) and the vertical dashed line to of maximum
engagement dhe lower shoulder belt (t=116 ms). For the Cavanaugh simulation, the vertical solid line corresponds to the time of
maximum upper bodjo-wall contact force (t=18 ms), the vertical dashed line to the time of maximum-peivall contact force

(t=19.5 ns), and the vertical dotted line to the approximate time of the maximum lateral rotation of C1 with respect to C7 in the

frontal plane (t=55 ms).
66



Table3-4: Summary of the four possible loading des of the neck used in calculating N

N; Loading Mechanism Force Moment
Nce  CompressioffFlexion F<0 M>0
Nce CompressiofExtension F<0 M<0
N TensionFlexion F>0 M>0
Nre TensionrExtension F>0 M<0

Table3-5: Maximum N; value calculated at each cervical level.
Simulaton ~ C1 C2 C3 C4 C5 C6 C7

Forman 0.193 0.202 0.225 0.255 0.281 0.307 0.313
Shaw 0.312 0.329 0.367 0.422 0.464 0.491 0.492
Cavanaugh 0.656 0.826 1.217 1.618 1.887 1.958 1.744
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Figure3-22: Nj risk curves for AIS 3+ to AIS 5+ neck injuries. The FMVSS 208 maximum
allowable N value of 1 indicates approximately 22% risk $erious(AIS 3+) injury[9, 21].

Discussion

Methodology
This study created and utilized crassctions to calculate forces and moments within the

neck of a total human body FE model during simulated frontal and lateral impacts. The local
vertebral body coordinate systems were defined mmaaner which can be easily replicated in
any FE neck model. The nodes defining a LCSYS were constrained to their respective vertebra
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using *CNRBs, allowing the LCSYS to rotate. Even though the vertebrae were deformable
bodies, no deformation was expectedaccur for the loading scenarios. Should comparison need
to be made between tracked motion of the cadaver cervical spine usirspbaggh biplane-x

rays, an alternative LCSYS defined by Padgaoii&at and utilized by Whitg5, 62] can be
implemented. Wing this alternative method, the local origin is placed at the antenm@rior
vertebral body in the sagittal plane, not requiring the location of the CG.

The interface definitions created by the *DCSPs contain the elements and nodes
associated with #hcrosssections, ensuring that elements are captured from only one side of each
cut. While the best results are obtained when the *DCSP cuts cleanly through the middle of all
elements, this automatic interface definition handles irregularities quite Wiredl. captured
elements and nodes depend on the part sets defined by the user, as well as the placement of the
*DCSPs. For this study, part sets were created based on anatomical components within the neck
including bones, 1VDs, ligaments, soft tissue, activuscles, and passive muscles. Since none of
the *DCSPs cut through the 1VDs, no forces or moments were reported for this component. The
user can always add in additional *DCSPs to capture IVDs or other structures of interest. Once
the nodes and elemerits each crossection are captured, they are separated into element sets
and used to define *DCSSs. This step allows the user even more control overletiehts are
included in a crosssection. Additionally, the creation of these element sets allows fo
visualization and inspection of the elements and nodes automatically selected by the *DCSPs.

In LS-PrePost, the SPlane option is an interactive method to reportsacssal data.

Unlike *DCSPs or *DCSSs, the SPlane option reports esesforal forces and moments
calculated from element stress resultants in the d3plot data. There are three different methods of

defining a crossectioral cut with SPlane. The first two methods allow the section plane to be
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fixed in space so that it does not move onefneéd or to be fixed to the model so that it moves

with the nodes used to define it. The Lagrangian cut option, most like *DCSP and *DCSS,
captures a group of elements in the plane and tracks them throughout the d3plot animation, even
if the elements moveut of the plane. The SPlane options are considered less accurate than
*DCSS or *DCSP which use nodal forces not included in the d3matalculate section forces.
Additionally, the sampling rate for the SPlane data is limited by the time interval dretwe
outputs for the d3plotavhich are typically lower than the ASCII outputs due to the large data

size of thdile.

Simulation Results

Several interesting observations can be made from the force and moment time histories of
the three simulations. Axialofce tended to progressively increase from the upper to lower
cervical levels. A sharp decrease in axial tension occurred at the time of maximum
occupant/airbag interaction in the Forman simulation, attributed to interaction with the airbag.
No such decrese in axial loading was noted in the Shaw simulation, which did not include an
airbag. Significant AP shear forces were observed in C1 and C2 for both the Forman and
Cavanaugh simulations. The main contributors of these forces were the ligaments. Unlike C3
C7, more extensive ligamentous structures exist betweeiCDC2. In general, the flexion
moment in the frontal simulations and the lateral moment in the side impact incceasiadly
This was expected as the moment arm to the head increases fror@TC1 to

The reported force and moment ratios allow for comparison between adjacent vertebral
levels. A ratio less than unity indicates the force or moment at the superior vertebral level is less
than the inferior level while a ratio greater than unity indgdtee force or moment at the
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superior vertebral level is greater than the inferior level. The force ratios for the Forman and
Cavanaugh simulations suggested a load distribution difference between the upf&) @it

lower (C4C7) neck. The Forman foreatios indicated the axial forces increased caudally while
the Cavanaugh ratios indicated the axial forces increased caudally in the upper neck and
cephalically in the lower neck. The force ratios for the Shaw simulation suggested a load
distribution diffeence between the upper (CB), middle (C4C5), and lower (CE6C7) neck.

This simulation used a generic three point seatbelt with no retractor or load limiter, producing a
more abrupt deceleration of the occupant than the load limiting retractor in thearior
simulation. The maximum shoulder belt force for the Shaw simulation was approximately 5 kN
while it was approximately 3.5 kN in the Forman simulation. The force ratios indicated the axial
forces increased caudally in the upper and lower neck and wallyah the middle neck. This

point of inflection in the middle neck may indicate a rotation point where the head begins to
wrap around the shoulder belt with no airbag to counteract this motion.

For the Forman and Shaw frontal simulations, the moment ratios decieatsazkn
C1/C2 and C3/C4 and then increasedp to C6/C7 while the Cavanaugh lateral simulation
produced a steady increase in moment ratios from C2/C3 to C6/Cdrhent raticconcavity
in the frontal simulations is most likely due to passive restraint interactions with the occupant.
The occupant torso and pelvis in the lateral simulation were not restrained. The moment ratios
also indicated the moments increased caudally foeals of the neck in all simulations, except
the Cavanaugh C6/C7 and the Shaw C5/C6 and Cédatent levelswhere they increased
cephalically.

None of the maximum or minimum forces and moments reportédbie 3-2 exceeded

corresponding IARVs, indicating significant injury to the neck was unlikely. The neck tension
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duration results were also well below the threshold boundaries. While axial compression and AP
shar duration plots could have also been created, it is unlikely that the corresponding injury
thresholds would have been exceeded. Only minimal axial compression was noted and AP shear
tended to be about half that of axial tension in the simulations. \Weil®y; criteria is currently

used to evaluate injury risk at the €1 junction per FMVSS 20@1], lower neck critical
intercepts do exidi7]. In this study, the Ncriteria were applied to levels of the neck between

the OGC1 junction and T1. Since raitical intercept values currently exist for these levels the
FMVSS 208 specified force and moment intercepts were utilized for all levels of the neck as a
worst case scenario. While the overall efficacy gf il lateral impacts is unknown, it was
modified slightly for use in the lateral Cavanaugh simulaf§i58].

It is important to note the contribution of the discrete spring elements to the overall cross
sectioral results. As described in the Metho8lection the force and moment contributions of
these discrete elements were manually added to the total force and moment plots for
completeness. These discrete elements represent the suprahyoid and infrahyoid muscles which
suspend the hyoid bone in the GHBMC model. The stiffness values of these elements
chosen for computational purposes only. In a human, the primary actions of these muscles are to
elevate and depress the hyoid bone during speaking and swall@3]nglaying a minimal role
in the kinematics of the neck. While these muscles canefictiveate tension in the neck, they
do not support compressive loads. The implementation of these discrete elements may seem
counterintuitive. For example, during head flexion the discrete elements develop a restoring
force which counteracts the flexionoment, creating an extension moment. This is apparent
when comparing the discrete element force and moment time histories with the anatomical

component time histories. However, both the force and moment contributions of these discrete
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elements compose only small fraction of the total forces and moments and are therefore
considered negligible. The purpose of this paper was to present a method to measure forces and
moments at various levels of an FE human body model neck and demonstrate how this data can
be used to evaluate the risk of injury based on IARVs and injury criteria. The described method

can always be modified to exclude these discrete elements at the discretion of the user.

Limitations and Future Work

There are several limitations to the curresairk. One is that there is no direct method to
validate the forces and moments calculated at the different levels of the neck, as these values
could not be measured in the actual cadaveric experiments. While it is possible to estimate the
forces and momes at the O(19] and T1[64] using inverse kinematic methods in cadavers,
there is no direct measurement method. Traditionally, the inverse kinematic approaches have
been acceptable and are therefore the best available data for compEnsdBHBMC T1 is
modelled as a rigid body and therefarannot be included in the crosection definition.
Modifications to the GHBMC neck model are underway to make T1 deformable. Converting T1
to a deformable body requires not only changing the material definitionayuassociated
attachment points. Lastly, the elements initially defined & #CSSs for a particular cross
section may potentially move out of plane as the neck deforms. Unless there is direct impact to
the neck or extreme head motion, the potentiathis to occur should be minimal. The reader is
cautioned that the force and moment results depend on how theseotisgal plane, captured
elements and local coordinate system are defined. Care taksn to choose the best cross
sections for the intefed purpose, and to avoid redundant load measurement axially through the
entire neck.
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Future work includes studying the effects of both anterior cervical discectomy and fusion
(ACDF) and cervical total disc replacement (CTDR) on adjacent vertebral lesielg the
described crossectioral technique. Current literature debates whether cervical fusion
deleteriously alters the loading of the adjacent segments, increasing adpgment disease
(ASD). By preserving motion and loading distribution, some am1sCTDRs a method to
reduce the likelihood of AS[65-70]. The use of crossections to measure load contributions
from the cervical zygapophysial and uncovertebral joints will also be investigated in future

studies.

Conclusions

This paper described amahplemented a method to determine crsesstioral forces and
moments at various levels of a human body FE model neck during simulated frontal and lateral
MVCs. Total force and moment time histories were reported for each vertebral and compared to
establislked IARVs to determine if significant injury was likely to occur. Adjacent level axial
force ratios varied between 0.74 and 1.11 and adjacent level bending moment ratios between
0.55 and 1.15. The individual contribution of neck anatomical components tot#theross
sectioral forces and moments were also evaluated. Neck tensiordgpendent curves and; N
time histories were calculated for each cervical level and compared to injury threshold standards.
The procedure presented tinis paper can be appiienot only to the neck, but also to other
regions of the body. It is helpful fdull-body FE models to provide transducer data similar to

their physical counterparts, ATDs, to properly evaluate the safety of an automobile.
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Appendix A: Cross-Sectional Visualization

Projected crossectional visualization of the neck at each vertebral levell{QlIncluding the bone, passive muschasd soft tissue.
Beam (ligaments and activeuscles) and discrete elements are not shown. While included for completeness, forces and moments
were not calculated at the level of T1 since this vertebra is currently defined as a rigid body and cannot be incluaksssectorn.




Appendix B: Forman frontal impact simulation
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Appendix C: Shaw frontal impact simulation
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